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Preface 


We regard this book as part of an ongoing history of efforts to understand 
the nature of waking and sleeping states from a biological point of view, and are 
convinced that the current moment is especially propitious because of the recent 
technological revolutions in anatomy and physiology. In planning such a book we 
had the choices of producing an edited volume with invited chapter authors or of 
writing the book ourselves. Edited volumes offer the opportunity for expression of 
expertise in each chapter, but, we felt, would not allow the development of our ideas 
on the potential and actual unity of the field, and would not allow the expression 
of coherence which can be obtained only with one or two voices, but is quite diffi¬ 
cult with a chorus assembled and performing together for the first time. (Unlike 
musical works, there is very little precedent for rehearsals and repeated perform¬ 
ances for authors of edited volumes, or even for the existence of conductors able to 
induce a single rhythm and vision of the composition.) 

We thus decided on a monograph. The primary goal was to communicate the 
current realities and the future possibilities of unifying basic studies on anatomy and 
cellular physiology with investigations of the behavioral and physiological events of 
waking and sleep. In keeping with this goal we cross-reference the basic cellular 
physiology and anatomy in the first chapters with the systems of waking and sleeping 
physiology in the latter chapters, and we take up possible links to relevant clinical 
phenomenology. We are well aware of the limitations of our knowledge, and have 
thus chosen to write about what we know best or, in any case, what strikes us as most 
interesting and relevant for what we do know. We make no claim for encyclopedic 
knowledge in all aspects of sleep and waking and the relevant basic studies, and 
similarly do not apologize for including that which we do know best, namely our 
own work, and for omitting some areas that have been recently reviewed elsewhere. 
While the reference list indicates we do not ignore the field as a whole, many of the 
detailed expositions are drawn from our own studies. Our wish is that the reader 
finds the field as exciting and promising as we, and we welcome comments. 

MS thanks his colleagues, post-doctoral fellows and Ph.D. students D. Pare, 
R. Curro Dossi, A. Nunez, F. Amzica, D. Contreras, I. Timofeev, and F. Grenier for their 
collaboration in his projects over the past 15 years that elapsed since the first edition 
of this monograph, and all his collaborators and students since he established 
the Laboratory of Neurophysiology at Laval University in 1968. MS also thanks 
T.J. Sejnowski, M. Bazhenov, A. Destexhe, and W. Lytton for their collaboration in 
combined experimental and computational studies. MS's work is supported by the 



Medical Research Council of Canada (now Canadian Institutes for Health 
Research), National Science and Engineering Research of Canada, Human 
Frontier Science Program, and National Institute of Health of the United States. 

RWM thanks his colleagues and members of his Laboratory of Neuroscience in 
the Harvard Medical School Department of Psychiatry and the VA Boston 
Healthcare System. These include: for the in vivo physiological and anatomical 
studies, K Ito, R. Strecker, R.Tao, M.Thakkar, and post-doctoral fellows L. Chen, 
S. Higo, H. Imon, T. McKenna, A. Mitani, J. Tatar, and C. Ward; for the molecular 
biological studies, R. Basheer and R. Vijay; for the in vitro studies, E. Arrigoni, R. 
Brown, U. Gerber, R. Greene, H. Grunze, and D. Stevens; and for the mathematical 
modeling, S. Massequoi. RWM’s work has been made possible by grant support and 
a Medical Investigator award from the Medical Research Service of the Department 
of Veterans Affairs and by grant support from the National Institute of Mental 
Health. 

MS dedicates this book to his two daughters, Donca and Claude, and to 
his wife Jacqueline. RWM dedicates this book to his wife Alice and to his sons, 
Rob and Scott. 


Mircea Steriade 
Robert W. McCarley 
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The comprehensive reviews on the historical development 
of ideas on waking and sleep states written by Moruzzi [ 1 ] 
and Jouvet [2] dealt with experiments using electrical 
stimulation and electrolytic lesion techniques. Newer, 
more powerful tools have been introduced in recent years 
for activating and destroying cellular aggregates. However, 
the concepts of the location of various brain “centers” 
involved in the genesis of waking and sleep states have not 
significantly changed since the late 1960s although, since 
the first edition of our monograph [3], the increasing ten¬ 
dency of conducting experiments in extremely simplified 
preparations has further contributed to pinpointing cir¬ 
cumscribed brain circuits as implicated in the generation 
of global states of vigilance and/or their electrographic 
correlates. What has basically changed since the epoch 
when brain lesions and stimulation prevailed, is the view of 
neuronal mechanisms and interactions between different 
parts of the brain, mostly due to the introduction of new 
techniques allowing the recording of single cells in the 
behaving animal and, since 1980, the analysis of ionic con¬ 
ductances underlying intrinsic electroresponsive properties 
of neurons. We shall, of course, refer to earlier concepts, 
and we shall try to resurrect some of them from unjustified 
oblivion, especially when they have withstood experimental 
testing. But our main goal in this historical perspective and 
throughout this monograph is to examine critically the 
conclusions of older studies, couched in terms of large 
black boxes, with the more precise data gained by looking 
inside single cells and neuronal networks, and by defining 
connectivity and transmitters. Our basic tenet is that the 
cellular approach furnishes the ultimate criterion to test 
hypotheses from studies conducted at more global levels. 
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LI. Pioneering Steps 


CHAPTER 1 


We begin by pointing out four major discoveries that 
belong to Frederic Bremer, Giuseppe Moruzzi, Nathaniel 
Kleitman, and Michel Jouvet, which set the scene for more 
recent developments. 

Since his stay at the Salpetriere in Paris during 
the 1910s, the Belgian neurophysiologist Frederic Bremer 
(1892-1982) was involved in the clinical-pathological 
sleep studies related to the lethargic encephalitis [4]. 
He discovered the quite different electrographic and 
ocular syndromes of the encephale hole and cerveau hole 
preparations during the 1930s [5], Bremer found that a 
high spinal transection at Cl that disconnected the whole 
encephalon from the spinal cord is compatible with fluctu¬ 
ations between EEG patterns of waking and sleep states. 
The encephale hole preparation should be used in conjunc¬ 
tion with ablation of Gasser ganglion to prevent pain 
impulses through the trigeminal nerve. In contrast, a mes¬ 
encephalic transection caudal to the third nerves was asso¬ 
ciated with extremely fissurated pupils, as in normal sleep, 
and uninterrupted sequences of waxing and waning EEG 
spindle waves, much the same as during barbiturate narco¬ 
sis (Fig. 1.1). Bremer modified the ordinary decerebrate 
preparation by leaving the forebrain in situ after midbrain 
transection, instead of destroying it, with the hope of 
demonstrating “the existence of a continuous facilitation 
of functional innervation of the forebrain resulting from 
the steady flow of ascending inputs from the spinal neu- 
raxis and the brainstem” [6]. Bremer also demonstrated 
that the cerebral cortex contributes to self-awakening 
through projections to the brainstem reticular formation 
[7] that re-afferent the thalamocortical systems. 

The idea that, indeed, the structures located between 
the bulbospinal transection and the rostral midbrain are 
crucially involved in the maintenance of waking, and that a 
sudden fall in the cerebral “tone” follows the withdrawal of 
the steady flow of impulses impinging upon the cerebrum, 
was extended in the studies conducted by Bremer’s disci¬ 
ple, Moruzzi. The Italian physiologist Giuseppe Moruzzi 
(1910-1986) was a visiting fellow in Bremer’s laboratory 
during the late 1930s, thereafter worked with Adrian, and 
eventually went to collaborate with Magoun at the Institute 
of Neurology of the Northwestern University Medical 
School in Chicago. Initially, Moruzzi intended to continue 
his analysis of paleocerebellar inhibition upon the hyper- 
excitable state of motor cortex. To this end, Moruzzi and 
Magoun placed stimulating electrodes in the cerebellum 
and the bulbar reticular formation that was thought to 


[4] Tretiakoff and Bremer 
(1920). 


[5] Bremer (1935,1937, 
1938). 


[6] Bremer (1975, 
pp. 267-268). 


[7] Bremer and Terzuolo 
(1954). Besides the cortical 
projections to the 
brainstem reticular core, 
the neo-cortical projections 
to thalamic intralaminar 
nuclei as well as other 
thalamic nuclei with 
widespread projections 
to cortex, such as the 
ventromedial nucleus, are 
also implicated in the 
process of self-awakening 
of the cerebral cortex. 
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Figure 1.1. EEG and ocular behavior in the acute encephale hole (isolated encephalon; EEG trace in 
A and bulbospinal section in D) and cerveau isolec at (isolated forebrain; EEG trace in B and transection 
at the collicular level in D). A, activity typical for the waking state. B, spindling activity interrupted by 
interspindle lulls, as in the sleeping brain (see also fissurated myosis in C). From Bremer (1937). 


[8] Moruzzi and Magoun 
(1949). 


[9] Magoun (1975, 
p. 524). 

[10] Berger (1930). 
Berger’s series of papers on 
the electroencephalogram, 
from 1929 to 1938, have 
been translated in English 
byGloor (1969). 

[11] Adrian (1936). 


relay cerebellar impulses in their route to the cerebral cor¬ 
tex. To their surprise, the electrical stimulation of the 
brainstem reticular formation suppressed the high-ampli¬ 
tude slow EEG waves displayed by their chloralose-anes- 
thetized preparations [8]. They were surprised by the 
complete flattening of cortical electrical activity recorded 
from motor cortex during reticular stimulation and 
believed “the experiments had stumbled upon some per¬ 
plexing type of ascending inhibition ... Only after some 
delay, and quite by chance, was the gain finally turned up, 
and it was then possible to see the large waves give way dur¬ 
ing reticular stimulation to the low voltage, fast activity of 
EEG” [9]. In those experiments, many of them conducted 
under chloralose anesthesia, Moruzzi also used the 
unanesthetized encephale isole cat, a preparation that he 
learned during his stage in Bremer’s laboratory. The sup¬ 
pressing effect of brainstem stimulation upon synchronized 
EEG waves resembled the alpha-wave blockage during atten¬ 
tion or visual stimulation, known from Berger’s [10] and 
Adrian’s [11] studies. While the chloralose-anesthetized 
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animal was obviously not the best experimental prepara¬ 
tions for studying arousal and activation processes, 
Moruzzi and Magoun decided to go far beyond observed 
facts and used the term activation . This was in spite of the 
fact that only spontaneous EEG waves were recorded and 
no sign of real cerebral activation was documented. 
Indeed, suppression of high-amplitude slow EEG waves 
may be seen in a variety of conditions that do not necessar¬ 
ily imply a heightened cerebral excitability. The actual 
demonstration of cortical facilitation during brainstem 
reticular stimulation came a decade later, in independent 
studies of thalamocortical evoked potentials conducted 
during the late 1950s in Bremer’s and Dell’s laboratories 
(see Chapter 9). Anyway, the choice of the term activation 
in Moruzzi and Magoun’s 1949 paper was better than 
Berger’s [12] choice to explain the blockage of alpha 
waves as a secondary diffuse inhibition of the cortex from a 
highly localized and hardly detectable enhancement of 
cortical activity produced by a sensory arousing stimulus. 
Berger’s interpretation was under the influence of Pavlov’s 
notion of negative induction. As to the term activation , it is 
certainly better than the commonly used term EEG 
“desynchronization,” employed by most epigones of 
Moruzzi and Magoun, because slow waves are obliterated 
upon brain arousal, whereas fast waves in the beta and 
gamma frequency bands (20-60 Hz) are synchronized 
over restricted cortical territories and well defined corti¬ 
cothalamic systems [13]. It should be emphasized that the 
first mention of synchronized fast spontaneous oscillations 
upon brainstem reticular appeared in a paper by Bremer 
[14] describing the effect of arousal on cortical field 
potentials and qualifying this response as an “ acceleration 
synchronisatrice” (synchronizing acceleration), which was 
uncommon in the 1960s and even more recently when 
desynchronization was the usual term. 

The discovery by Moruzzi and Magoun [8] of an 
ascending brainstem reticular system with energizing 
actions upon the forebrain is an important step forward in 
the physiology of states of vigilance. The progress relates to 
the localization of an executive system for cortical activa¬ 
tion. On the conceptual side, the notion of nonspecificity in 
the activating process was introduced. Conceptually, the 
notion of a role played by specific sensory impulses 
(relayed in the spinal cord or brainstem and hypothesized 
by Bremer to maintain the tone of the cerebrum) was 
replaced after Moruzzi and Magoun’s experiments by the 
idea of a nonspecific ascending reticular system, a site of 
collateralization of heterogenous sensory impulses, in a 
vein similar to the concept of sensorium commune that was 
localized by Jiri Prohaska, around 1750, in a region 


[12] Berger (1933). 


[13] Steriade et al. 

(1996a, b). 

[14] Bremer etal (1960). 
See legend of fig. 5 in that 
article in which Bremer 
mentions the synchroniza¬ 
tion of fast rhythms, as 
reflected in field potential 
recordings, induced by mid¬ 
brain reticular stimulation. 



[15] See the history of 
concepts in the central 
nervous system by Soury 
(1899). 


[16] Lindsley et al. (1949, 
1950). 


[17] Claes (1939) worked 
in Bremer’s laboratory 
and she reported the 
occurrence of sleep spindle 
oscillations after section of 
the optic nerves. For 
the role of other cranial 
nerves in the maintenance 
of the vigil state in the 
encephale isole preparation, 
see Roger et al. (1956). 


[18] Steriade and Glenn 
(1982); Steriade et al. 
(1982a). 


between the medulla and the diencephalon [15]. The 
nonspecific nature of the activating system was supported 
by lesion experiments showing that the interruption of 
lemniscal (specific sensory) pathways did not produce the 
sleep or comatose syndrome of the cerveau isole prepara¬ 
tion, whereas lesions of the medial brainstem reticular for¬ 
mation, sparing lemniscal projections, produced such a 
syndrome [16]. However, a sharp distinction between 
Bremer’s idea of a role played by ascending specific pro¬ 
jections in maintaining the state of waking and, on the 
other hand, Moruzzi and Magoun’s concept of nonspe¬ 
cific brainstem reticular pathways is not necessary because 
forebrain activation is maintained by both these systems. 
Indeed, sleep EEG patterns are not only produced by 
interruption of ascending reticular activating systems but 
also appear following transections of sensory nerves [17]. 

Since the study by Moruzzi and Magoun was the first 
that attempted to localize the brainstem substrate of corti¬ 
cal activation, we discuss below some of the data and spec¬ 
ulations in the 1949 paper, and we relate them to the 
modern findings and concepts. Although EEG activation 
responses were elicited from a variety of loci in the whole 
brainstem tegmentum, Moruzzi and Magoun depicted the 
most effective area in the midbrain (see fig. 3 in their 
paper, [8]). With minimal stimulation intensity, the EEG 
response could be localized in the sensory-motor cortex 
of the ipsilateral hemisphere. The cortical effect was 
thought to be mediated, in part at least, by the diffuse thal¬ 
amic projection system [8]. All these findings have been 
confirmed and expanded in more recent cellular studies. 
Indeed, neurons recorded from the midbrain reticular 
formation increase their firing rates during transition 
from sleep to arousal, reliably preceding EEG desynchro¬ 
nization, and they directly excite thalamic neurons with dif¬ 
fuse projections toward the cerebral cortex, but prevalently 
to the sensory-motor areas [18]. These data are analyzed 
in Chapters 4 and 10. The elicitation of EEG activation by 
stimulating a series of foci from the medulla to the mid¬ 
brain is due to lower brainstem projections to the most 
effective sites in the upper brainstem core (see Chapter 3). 

The notion of nonspecificity and the schemes with 
heavy arrows depicting pathways of unknown origins, act¬ 
ing diffusely by means of unknown transmitters upon 
unknown targets, betrayed the state of a primitive knowl¬ 
edge of the reticular core that persisted for three decades 
since the late 1940s. Spectacular advances have been 
achieved in this direction since 1980, and they are mainly 
due to modern tracing techniques combined with 
immunohistochemistry that helped to define the transmit¬ 
ter agents used by brainstem intrinsic, ascending and 
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descending projections. During the 1950s, Golgi studies 
and experiments with axonal degeneration following mas¬ 
sive electrolytic lesions in the brainstem tegmentum 
showed axons of reticular origin that projected almost 
everywhere in the thalamus, without obvious differentia¬ 
tion between various brainstem sites of axonal origin. The 
same reticular neuron seemed to send bifurcating axonal 
branches to the spinal cord and the cerebral cortex [19]. 
More recent retrograde tracing studies with double-label¬ 
ing techniques and experiments with antidromic identifica¬ 
tion of brainstem reticular neurons from multiple 
stimulated sites have altered this viewpoint (see Chapter 3). 
Such pontifical reticular neurons, with ascending and 
descending projections controlling both cortical and spinal 
cord operations, are the exception rather than the rule. 

Absence of data supporting the idea of such hypothet¬ 
ically ubiquitous projections, as well as the uncertain trans¬ 
mitters and actions of brainstem reticular neurons, caused 
a temporary desuetude of the ascending reticular concept. 
Con-fronted with morphological and physiological studies 
employing lesion and stimulation techniques that could 
not dissociate cell bodies from passing fibers, the reaction 
of some anatomists was even to deny, until quite recently, 
the existence of brainstem reticular projections to major 
thalamic nuclei. The accumulating evidence of the past 
few years on the existence of these projections and their 
chemical codes are discussed in Chapter 3. 

The notion of a monolithic reticular core, with global 
and undifferentiated energizing actions upon the fore¬ 
brain, was challenged by Moruzzi himself, after crucial 
experiments with his team in Pisa during the late 1950s. 
The midpontine pretrigeminal brainstem transection is 
only a few millimeters behind the low collicular transec¬ 
tion that induces the comatose syndrome of the cerveau 
isole preparation. However, the midpontine trigeminal ani¬ 
mal exhibits persistent EEG and ocular signs of alertness 
(Fig. 1.2), and its eye movements follow the objects passing 
across the visual field. In the acute conditions of these two 
close transections (cerveau isole and midpontine pretrigem¬ 
inal), only the neurons lying between the two sections are 
the likely candidates for explaining the critical differences 
in both the EEG and ocular behavior [20]. Spectacular dif¬ 
ferences between the two (rostral mesencephalic and mid¬ 
pontine) transections, separated by just a few millimeters 
(Fig. 1.3), have also been observed using measures of cor¬ 
tical metabolism [21]. We shall discuss in Section 1.3.1 the 
experimental evidence that, in chronic conditions, struc¬ 
tures lying in the isolated cerebrum, above the mesen¬ 
cephalon, may be effective in maintaining wakefulness. But 
the demonstration of the dramatic differences displayed 
by the cerveau isole preparation and the animal with a 


[19] Scheibel and Scheibei 
(1958). 


[20] Reviewed in Moruzzi 
(1972). 


[21] Steriad eetal. 
(1969b). 
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Figure 1.2. EEG patterns following midpontine and rostro- 
pontine transections. Drawings of horizontal sections of the 
cat’s brainstem. Cross-hatched areas indicate level and extent 
of brainstem lesions in the midpontine pretrigeminal 
(A) and rostropontine (B) preparations. EEG patterns typical 
for each preparation, as recorded from right (F.d.) and left 
(F.l.) frontal areas, are reproduced below each set of anatomi¬ 
cal drawings. It can be noticed that both types of transection 
result in the complete interruption of ascending trigeminal 
influences. Abbreviations: D.Pyr,, decussatio pyramidum; 


N.I.I., nucleus lemnisci lateralis; N.r., nucleus ruber; N.r.l., 
nucleus reticularis lateralis; N.r.t., nucleus reticularis 
tegmenti pontis; N.III, V, VI, VII, VIII, root fibers of cranial 
nerves; Ol.i., nucleus olivaris inferior; Ol.s., nucleus olivaris 
superior; P.C., pes pedunculi cerebri; Pyr., pyramis; R.gc., 
nucleus reticularis gigantocellularis; R.pc., nucleus reticularis 
parvocellularis; R.p.c., nucleus reticularis pontis caudalis; 
R.p.o., nucleus reticularis pontis oralis; Tr., corpus trape- 
zoideum; Tr.sp. V, tractus spinalis nervi trigemini; Vm, VI, VII, 
motor nuclei of cranial nerves. From Batini et al (1959). 







Figure 1.3. Two brainstem transections and their different effects on cortical metabolism. A, cut at the 
collicular level that also disconnects the forebrain from the posterior hypothalamus (at the extreme ven¬ 
tral part of the transection), leading to deep coma. B, midpontine pretrigeminal transection, a fully alert 
preparation. Cortical aspartate transaminase (AspT) activity increased following the transection at the 
collicular level, whereas it significantly decreased in midpontine pretrigeminal preparations. Modified 
from Steriade et al. (1969b). 
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[22] Kleitman (1929, 
1963). 


[23] Aserinskyand 
Kleitman (1953,1955); 
Dement and Kleitman 
(1957a, b). See also 
Dement (1958). 


[24] Cited by Moruzzi 
(1963) and Jouvet (1967). 


[25] SeeJouvet(1965b, 
pp. 628-629). 


midpontine transection was prescient in anticipating recent 
findings on the brainstem substrate of ascending activa¬ 
tion. Data presented in Chapters 3 and 9-10 show that 
brainstem cholinergic neurons with thalamic and basal 
forebrain projections and activating properties are con¬ 
centrated in two cellular aggregates at the midbrain- pon¬ 
tine junction. This is precisely the region predicted by the 
experiments of Moruzzi and his pupils. The enduring alert 
state of the midpontine pretrigeminal preparation was 
ascribed to the removal of inhibitory influences arising in 
the lower brainstem. These more disputable data, related 
to the concept of active inhibitory influences promoting 
sleep, are discussed in Section 1.3.2, together with other 
hypotheses of hypnogenic structures. 

Nathaniel Kleitman (1895-1999) was a leading pro¬ 
ponent of the passive theory of sleep, as he emphasized 
that there is not a single fact that supports the theory of 
active sleep (see Section 1.3.2) and that what needs to be 
explained is not sleep, but wakefulness [22]. Kleitman per¬ 
formed experiments on prolonged sleep deprivation but 
found his data incompatible with the notion of a continual 
buildup of hypnotoxin (see Section 1.3.2). The major dis¬ 
covery of Kleitman pertains to the sleep stage with rapid 
eye movements (REMs) that he reported in seminal 
papers, with his students, Aserinsky and Dement [23]. 
Periodic REM-sleep episodes with low voltage, fast EEG 
patterns, associated with limb and vibrissae twitches, have 
been described since antique times, were termed sonno 
profondo (deep sleep) by Fontana around 1765, and again 
described as Tiefen Schlaf with low voltage and fast EEG 
waves by Klaue in the late 1930s [24]. The notion of “deep 
sleep” in those earlier descriptions did not imply a qualita¬ 
tive difference between the REM-sleep state and that of 
sleep with EEG synchronization. In fact, the dual nature of 
sleep is a recent concept. At the Lyon’s 1965 Symposium, 
some participants thought of sleep as a unitary phenome¬ 
non, emphasizing the similarities, rather than the differ¬ 
ences, between EEG-synchronized sleep and REM sleep. 
After the description by Dement and Jouvet of major dis¬ 
similarities between the two states of sleep, Dement com¬ 
mented that EEG-synchronized sleep and REM (or 
paradoxical) sleep “are as far as night and day. It is difficult 
to point to a single attribute that is commonly shared ... In 
terms of definition, it would seem more appropriate to 
regard slow-wave sleep and paradoxical sleep as entirely 
different states with their own specific mechanism or 
mechanisms. I would even go so far as to suggest that 
there may be some validity in questioning whether they 
should be subsumed under the general heading of sleep” 
[25]. The dual nature of sleep is emphasized by recent 
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investigations at the cellular level, including intracellular 
recordings during natural waking and sleep states in chroni¬ 
cally implanted animals (see details in Section 1.2 and 
Chapters 2, 7, and 9-10). In essence, the so-called quiet 
sleep state is characterized by EEG synchronization associ¬ 
ated with decreased transfer function of incoming messages 
from the external world, but with preserved corticocortical 
and corticothalamic dialog as well as with plastic neuronal 
properties that may lead to consolidation of memory traces 
acquired during the state of wakefulness [26], whereas the 
brain-active REM-sleep state is characterized by EEG activa¬ 
tion and enhanced excitability of central networks. 

Michel Jouvet discovered that the oscillator for the 
state of sleep with rapid eye movements (REM sleep) is 
located in the pontobulbar brainstem [27]. Jouvet and his 
colleagues discovered the presence of muscular atonia 
and spiky pontine waves, thus establishing the signs that 
differentiate REM sleep from the other states of the 
sleep-waking cycle [28]. In more recent years, the 
mechanisms of muscular atonia were first described by 
Pompeiano and his colleagues who showed that both tonic 
and phasic inhibition of spinal reflexes occur during REM 
sleep in unrestrained cats [29]. Later on, this disclosure 
was substantiated by intracellular recordings of spinal 
motoneurons in naturally sleeping cats [30]. As to the 
spiky waves recorded in the mesopontine tegmentum, lat¬ 
eral geniculate, and occipital cortex (termed PGO waves), 
their progenitors have been discovered in a region at the 
midbrain-pontine junction [31]. These data, the cellular 
evidence of the involvement in PGO-wave genesis of sev¬ 
eral cell-classes recorded from the pedunculopontine and 
laterodorsal tegmental cholinergic nuclei and identified 
antidromically as projecting to different thalamic nuclei 

[32] , the role played by the pontine reticular formation 

[33] , the neuronal mechanisms of thalamic PGO waves 

[34] , and the progressive synchronization of PGO waves 
during REM sleep throughout thalamocortical systems 

[35] , are discussed in Chapter 9. 

Probably the most important discovery of Jouvet came 
from his now classical experiments using rostropontine 
transections in acute and chronic cats [36]. These studies 
led to the current hypotheses of REM-sleep genesis by 
showing that periodic episodes of muscular atonia (espe¬ 
cially antigravity muscles), saccadic eye movements, the 
pontine component of PGO waves, and phasic muscle 
twitches, occur in the prepontine preparation with a rhyth- 
micity that is similar to that of REM sleep in the intact ani¬ 
mal. The discovery of a brainstem sleep oscillator that 
operates in the absence of the forebrain has generated 
a series of models of REM-sleep genesis, based upon the 


[26] Steriade (2001b). 


[27] Jouvet (1962). 


[28] Jouvet and Michel 
(1959);Jouvet etal. (1959). 


[29] Pompeiano 
(1967a, b). 

[30] Morales and Chase 
(1978); Chase and Morales 
(1983); Glenn and Dement 
(1981). See details on these 
intracellular investigations 
in chapter 11. 

[31] McCarley etal 
(1978); Sakai and 
Jouvet (1980); Nelson 
etal (1983); Sakai (1985). 

[32] Steriade 
etal (1990c). 

[33] McCarley and Ito 
(1983). 

[34] Deschenesand 
Steriade (1988); Hu et al. 
(1988, 1989c); 

Steriade etal (1989). 

[35] Arnzica and 
Steriade (1996). 

[36] Jouvet(1962,1965a). 



[37] McCarleyand 
Hobson (1975b); 
Pompeiano and 
Valentinuzzi (1976b); 
McCarley and Massaquoi 
(1986a, b); Sakai et al 
( 2001 ). 


[38] Rosen (1970). 


[39] See chapters 7 and 11 
in Bartee et al (1962). 


interaction of different cell-groups located between the 
midbrain-pontine junction and the bulbar reticular for¬ 
mation [37]. The models of oscillatory sleep-waking states 
and the supportive experimental data are discussed in 
Chapter 12. 

In the next sections of this chapter, we describe the 
physiological correlates of various behavioral states of vigi¬ 
lance and define the notion of activation; we analyze the 
validity of data supporting the concepts of passive and 
active sleep; and we survey the ideas on waking and sleep 
centers, as opposed to the more encompassing concept of 
distributed systems. 
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1.2. Definition of States of Vigilance and 
Activation 

State means the values assumed by the (potentially 
infinite) set of variables describing the system or organism 
[38]. This definition is easily understood by a computer 
analogy wherein the “machine state” at any point in time is 
completely defined by the presence of ones or zeros in the 
binary logic elements [39]. Appealing as this logical sim¬ 
plicity is, it suffers the practical complexity of requiring a 
specification of all the current values of the very large 
number of elements in the biological organism. Even the 
computer software engineer finds little use in the precise 
definition of machine state as used by his counterparts in 
machine design. Although complete machine state is theo¬ 
retically and operationally specifiable, this description is 
much too detailed and complex. Instead, the software 
engineer abstracts certain features and uses these more 
global definitions of state; his “machine state” refers to 
global characteristics of the machine, such as whether it is 
operating in “foreground” or “background” mode, or 
whether it is servicing an interrupt request. 

The definition of behavioral state that will follow is 
offered as one that is in this practical spirit, and one that is 
in accord with general usage. We first briefly discuss the 
terms of the definition and the rationale for including 
them. We use the term indicator variable to mean a variable 
that, when in a particular range of values, indicates with a 
high probability that other variables will have a particular 
range of values. Use of indicator variables reduces the 
dimensionality (number of variables) necessary to specify 
state. We further will objectively define state as a particular 
range of values of the indicator variables. Our definition of 
behavioral state also includes the criteria of recurrence 
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and temporal persistence of the state; a one-time, one- 
millisecond condition is not a useful object for scientific 
study, nor is it in accord with everyday usage of state. 

The definition thus becomes: A state is a recurring ; 
temporally enduring constellation of values of a set of indicator 
variables of the organism. 

The use of the term “indicator variable” makes 
explicit that the variables used in state definition are not 
themselves the state but rather are used because they 
efficiently imply the presence of other measures. 

The three main states of vigilance (waking, slow- 
wave sleep with EEG synchronization, and REM sleep with 
EEG activation) can be objectified by a set of three phy¬ 
siological signs that include EEG rhythms, muscular 
tone, and eye movements associated with sharp waves in 
brainstem-thalamocortical systems. (1) The tonic EEG 
activation in waking is undistinguishable from that in REM 
sleep. This led Jouvet and his colleagues [40] to coin the 
term paradoxical sleep for a state with the highest threshold 
for motoric arousal, but an EEG pattern that suggested a 
highly active brain state. The EEG-synchronized rhythms 
(consisting of spindle oscillation at 7-14 Hz, slow oscilla¬ 
tion at 0.5-1 Hz, and delta waves at 1-4 Hz) distinguish the 
state of slow-wave sleep from both waking and REM sleep. 

(2) The other tonic aspect, muscular atonia, specifically 
distinguishes REM sleep from the other two states. 

(3) Phasic eye movements are voluntary during waking 
and occur as involuntary ocular saccades without relation 
to the visual field in REM sleep. The eye movements are 
accompanied by spiky PGO potentials, which originate in 
the mesopontine tegmentum; the neurons of the final 
common path for transmitting PGO waves to various thala¬ 
mocortical systems are located at junction between the 
midbrain and pons (see Chapter 10). The PGO waves her¬ 
ald REM sleep and continue throughout this state. During 
waking, eye movement potentials (EMPs) are similar to, 
but much less ample than, PGO waves during REM sleep. 

Note that the above three cardinal signs can be used 
as an easy way for objective identification of behavioral 
states with various degrees of vigilance. These electro¬ 
graphic events, however, merely represent the physiologi¬ 
cal correlates of behavioral states and they say nothing 
about the psychology of the three states of vigilance. Since 
this monograph is mainly concerned with the brain struc¬ 
tural and physiological bases of waking and sleep states, we 
only refer en passage to the role of slow-wave sleep in mem¬ 
ory consolidation in Chapters 7-8 but discuss at length the 
neuronal bases of dreaming activity in Chapter 14. 

The above electrographic characterization applies 
only to steady, fully developed states of vigilance. More 


[40] Jouvet et al (1959). 
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subtle features have to be used for the transitional epochs 
between waking and slow-wave sleep and vice versa, and 
between slow-wave (or non-REM) sleep and REM sleep, 
when most dramatic neuronal changes are expected to 
occur. Such neuronal activities may shed light on the 
mechanisms of various physiological aspects of awakening, 
falling asleep, and entering REM sleep. The electro¬ 
graphic criteria of these transitional epochs between the 
main states of the waking-sleep cycle are briefly presented 
below, while cellular investigations related to mechanisms 
of arousal, sleep onset, and REM-sleep genesis are treated 
in detail in Chapters 7 through 12. Since the data dis¬ 
cussed in all subsequent chapters mostly derive from ani¬ 
mal studies, we shall also mention the similarities and 
some differences between the main electrical signs of wak¬ 
ing and sleep states in humans and cats, the species of 
choice for the study of sleep mechanisms. 

The transition from EEG-synchronized sleep to 
arousal is usually short in duration. It may last for a few sec¬ 
onds and consists of decreased amplitude and increased 
frequency of EEG waves that precede the abruptly 
increased muscular tone and eye movements, which occur 
with arousal. By contrast, the reverse transition, from 
waking to EEG-synchronized sleep, does not display a 
clear-cut picture of uninterrupted EEG synchronization. 
In humans, sleep onset is characterized at the EEG level by 
a change from alpha waves to a mixed-frequency pattern 
of low-voltage waves (termed stage 1 sleep). Since this ini¬ 
tial sleep stage may or may not coincide with perceived 
sleep onset in humans, many investigators recognize the 
clear-cut onset of sleep by the EEG correlates of stage 2 
sleep, that is, spindle oscillations and K-complexes [41]. In 
cats, the transition from waking to sleep is marked by 
episodic appearance of spindle waves that precede overt 
postural signs of sleep (Fig. 1.4C). Spindle waves are high- 
amplitude, waxing and waning waves at 7-14 Hz. They are 
grouped in sequences that last for 1.5-2 s and recur peri¬ 
odically every 5-10 s (Fig. 1.4B). In some instances, slow 
waves appear usually one or several minutes after the 
occurrence of spindles, when sleep is completely installed 
and when transient EEG desynchronizing reactions no 
longer appear (Fig. 1.4C). However, the slow oscillation 
(0.5-1 Hz) can also be observed since the earliest stage of 
natural EEG-synchronized sleep, in association with spin¬ 
dles. As discussed in Chapter 7, the association of slow and 
spindle oscillations results in K-complexes. This EEG pic¬ 
ture in cats resembles that occurring in stage 2 of human 
sleep. While the slow oscillation dominates brain electrical 
activity throughout slow-wave sleep, spindles appear dur¬ 
ing early sleep stages, are overwhelmed by delta waves 
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(1-4 Hz) during late stages of EEG-synchronized sleep, 
and reappear toward the end of this sleep stage, just before 

[42] See the chronology of REM sleep [42]. These changes that occur throughout 
EEC correlates of slow-wave slow-wave sleep, from prevalent spindles to prevalent delta 
sleep in fig. 3 of Steriade and k ac k to spindles, are attributable to changes in the 

membrane potential or thalamocortical neurons (see 
Chapter 7). 

Some authors include drowsiness within the final 
stage of relaxed wakefulness, while other consider it within 
the initial stage of sleep. For example, Moruzzi depicts 
drowsiness in the lower part of wakefulness, before sleep, 
and hypothesizes that an animal’s behavior during drowsi¬ 
ness corresponds to the appetitive phase, while sleep itself 
should be regarded as the consummatory action of a spe¬ 
cial instinctive behavior [20], In another review article, 

[43] Moruzzi (1969). Moruzzi [43] analyzes the typical manifestations of the 

appetitive behavior and points to the period immediately 
preceding sleep as a stage when the animals strive for a sit¬ 
uation, a “home” for sleep, which will facilitate sleep onset. 
These ethological observations and hypotheses leave little 
doubt that, in the natural conditions of animals’ life, sleep 
is preceded by a set of stereotyped or less stereotyped 
movements toward the search of a place to sleep. However, 
in the conditions of cellular investigations in an experi¬ 
mental animal which is sure of our good intentions and 
does not have to look at safer places to sleep, the period of 
drowsiness that precedes sleep (with transient closing and 
reopening the eyes) is typical associated with EEG spindle 
(and slow) oscillations and, in the absence of unwanted 
stimuli, this period inevitably leads to genuine manifesta¬ 
tions of sleep. 

The transition from EEG-synchronized to REM sleep is 
marked by a short (1-2 min) period during which the EEG 
is still fully synchronized, there is yet no sign of muscular 
atonia, but high-amplitude, singly, sharp pontogeniculo 
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Figure 1.4. Electrographic criteria of waking and EEG-synchronized sleep. A, behaving cat with chroni¬ 
cally implanted electrodes. EEG from the motor (precruciate) cortex, electrooculogram (EOG), and 
electromyogram (EMG) of neck muscles. Spindle oscillations appear during the transitional period 
between waking and sleep (WS). B, thalamic spindles in a cat with a high brainstem transection. Top 
trace shows the field electrical activity recorded by a microelectrode in rostral intralaminar thalamic 
nuclei; bottom trace shows the same period, with spindle waves filtered from 7 to 14 Hz. Note that spin¬ 
dle sequences recur periodically. C, normalized amplitudes (ordinates) of simultaneously recorded focal 
spindle waves in the thalamus (top MSP trace) and in the cortex (bottom CSP line-circle trace depicts 
spindles; and bottom CS bar-graph trace depicts slow waves) in a behaving cat. Spindles filtered between 
7 and 14 Hz; slow waves filtered between 0.5 and 4 Hz (they include both slow and delta frequency 
bands). Abscissa indicates real time (hr, min, s). S: EEG-synchronized sleep; W: waking; SW and WS: tran¬ 
sitional periods from S to W, and from W to S, respectively. Note EEG activation with decreased wave 
amplitudes on awakening (SW and W); rhythmic sequences of spindles, recurring with a period of 8-10 s 
in both thalamic and cortical recordings, beginning with drowsiness (WS, oblique arrows); and increased 
amplitudes of both spindles and slow waves beginning with S. A and C, modified from Steriade et al 
(1986); B, modified from Pare etal (1987). 
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occipital (PGO) waves can be recorded in the brainstem, 
thalamus, and cortical areas (Fig. 1.5). Later on, when 
REM sleep is fully developed, PGO waves appear as either 
single potentials or clusters of smaller amplitude potentials 
with a frequency of about 6 Hz. This phasic activity 
announcing REM sleep has been described in a number of 
mammals, but the bulk of data on cellular mechanisms of 
PGO waves derive from experiments on cats. 

Since PGO waves related to saccadic eye movements 
are thought to represent the substrate of oneiric behavior 
during REM sleep, the question is usually raised about the 
similarities between REM sleep in humans and cats as well 
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Figure 1 . 5 . Electrographic criteria of transition between slow-wave sleep and REM sleep. Chronically 
implanted, behaving cat. The four traces in 1 (LG, field potentials in the lateral geniculate (LG) thalamic 
nucleus; EOG; EEG recorded from the anterior suprasylvian gyrus; and EMG) are repeated in 2 and 3. 
Parts l-to-3 are in continuation. Parts 1 and 2 represent the transition from EEG-synchronized sleep to 
REM sleep (in 1, oblique arrow indicates the occurrence of PGO waves; in 2, first oblique arrow points to 
EEG activation and second arrow points to complete muscular atonia). Part 3 depicts fully installed REM 
sleep. Note singly PGO waves with high amplitudes during the transitional period 1, and clusters of PGO 
waves (at about 6 Hz) with smaller amplitudes during a later stage of REM-sleep (in 3). Modified from 
Steriade et al (1989). 
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as whether animals have dreams. The low voltage and fast 
EEG rhythms during the REM sleep of the adult cat are 
strikingly similar to the EEG rhythms directly recorded 
from the cerebral cortex in humans. In scalp recordings 
from humans, rhythms at 6-8 Hz appear in occipital areas. 
The origin of these waves in the higher range of the theta 
band is unknown, especially since the theta rhythm is not 
evident in primates and humans. As to dreaming in ani¬ 
mals, the usual remark is made that, since dreams are ver¬ 
bal reports of subjective experiences, the question must 
remain unanswered. However, some of the REM dreams 
features may apply to nonhuman mammals since dream¬ 
ing is a perceptual experience that does not necessarily 
depends on abstract thought and language. As discussed 
in Chapters 11 and 14, the overt behavior during REM 
sleep in cats with lesions in the dorsolateral part of the 
pontine tegmentum, which suppress muscular atonia, 
strikingly suggests oneiric behavior. The cat seems to fight 
with imaginary enemies or to play with an absent mouse, 
and exhibits fear reactions associated with autonomous 
phenomena, episodes during which the pupils are 
extremely myotic and nictitating membranes are relaxed 
[44]. This pattern resembles that of hallucinatory oneiric- 
like behavior that can be elicited during the waking state 
by chemical stimulation of the same region at the mid¬ 
brain-pontine junction [45] where internal signals for 
brain activation are generated during both REM sleep and 
arousal (see Chapters 9-10). 

Under most conditions the states of waking, slow-wave 
sleep, and REM sleep can be specified using only three 
indicator variables: the voltage amplitude of the cortical 
EEG, the frequency of rapid eye movements, and the 
record of antigravity muscle activity. Figure 1.6 illustrates 
this point and the use of these three indicator variables 
that are the most frequently used, with animal studies 
utilizing PGO waves as the next most important indicator 
variable. The presence of hippocampal theta rhythm is 
often used as an important REM sleep indicator in record¬ 
ings in rodents, who have much less visual system activity 
than primates. Finally we point out that the frequently 
used modifier “behavioral” indicates that the state is 
related to the external comportment of the organism, and 
also implies an internal pervasiveness, since it usually 
refers to global states such as sleep and waking. 

The use of indicator variables to define state, as 
schematized in Fig. 1.6 [46], has been concretized and 
implemented as a method for display of actual data and of 
state diagnosis [47]. In general, accurate and reliable 
use of waking, EEG-synchronized sleep, and REM-sleep 
state definitions is straightforward in studies of normal, 
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Figure 1.6. Three-dimensional indicator space illustrating the definition of waking (W), EEOsynchronized 
sleep (S), and REM sleep (labeled D, for the synonym EEG-desynchronized sleep), with the use of three 
indicator variables. The range of values taken on each state is indicated by an ellipsoid. This includes vari¬ 
ability between occurrence of the state and within-state moment-to-moment variability. Modified from 
McCarley (1980). 


sufficiently mature, nondiseased, and nonlesioned ani¬ 
mals. One simply looks for the presence of the three major 
indicator variables and, when jointly present, the organism 
is deemed to be in the behavioral state of REM sleep. 
Problems arise when the central nervous system (CNS) is 
not intact or when a pharmacological agent is used to 
alter state; it is then that the presence or absence of REM 
sleep becomes a matter of definition of whether sufficient 
indicator variables are present and have the proper range 
of values. For our part, we see little point in hermeneutics 
of state diagnosis. We take the viewpoint that REM sleep 
involves many component systems and that lesions and 
pharmacological agents may selectively and/or partially 
suppress or activate a number of these systems. Following 
experimental questions, the question often arises as to the 
definition of the ensuing state, as, for example, whether it 
is REM sleep or not. We think the obvious procedure to 
follow with such altered states is the set of indicator 
variables useful in normals must be enlarged so that the 
“organism state” can be specified with more precision; 
ideally one would measure the activity (EEG and cellular) 
in each component system of REM sleep. If this is not 
done, and it is often technically impossible to do so com¬ 
pletely, then some uncertainty must remain about how 
close the match is to normal REM, with the degree of 
uncertainty inversely correlated with the thoroughness of 
the match. The reason for going into this apparently sim¬ 
ple, straightforward line of argument in detail will become 
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sleep (see Dement, in 
Jouvet, 1965b). 
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clear as lesion and REM-induction studies are presented. 
We suggest that many disagreements arise from whether 
the investigator thinks the criteria for “true REM” have 
been satisfied, and from the fact that, not surprisingly, 
individual definitions of “true REM” vary widely. Our rea¬ 
son for using “indicator variables” is to move the argument 
away from the hermeneutics of “true REM” and employ 
the descriptive, operational notation of the values of cer¬ 
tain indic-ator variables after an experimental manipula¬ 
tion. These objectively describe the closeness of the match 
and suggest what other variables should be recorded. 

The paradox that REM sleep, a state with a motoric 
arousal threshold higher than in EEG-synchronized sleep 

[48] , is a time when the electrical activity suggests that the 
cerebrum is in a highly excitable state, leads us to define 
activation and vigilance. 

Activation has to be used at the physiological, not 
behavioral, level. Moruzzi and Magoun [8] referred to the 
activation of the EEG, but they did not equate this EEG 
response with arousal or waking. Activation was defined 

[49] as a tonic readiness in cerebral networks that brings 
neuronal circuits closer to threshold, thus insuring secure 
synaptic transmission and quick cellular responses, a 
response readiness to either messages from the outside 
world (as during the waking state) or to internally gener¬ 
ated drives (as during REM sleep), whether or not a motor 
reaction is generated. This definition is based on data 
showing similar enhanced excitability of thalamic and cor¬ 
tical neurons to monosynaptic and antidromic volleys dur¬ 
ing both EEG-activated states of waking and REM sleep 
(see Chapter 9). The definition does not refer, however, to 
inhibitory processes that insure a behavioral state with 
adequate, selective responsiveness. While inhibitory 
processes have not yet been investigated at the intracellu¬ 
lar level during REM sleep, extracellular recordings of 
neocortical neurons show that inhibitory processes are 
overwhelmed by excitatory activity during REM sleep [50]. 
Also, the bizarre imagery during REM sleep would indi¬ 
cate that many sensory channels are simultaneously acti¬ 
vated and, correlatively, fine sculpturing inhibitory 
processes would probably be much less effective during 
this sleep state as compared to waking (see Chapter 9). 
The inclusion of inhibitory processes in the activating 
process leads to the notion of vigilance. 

Vigilance was defined by Head [51] as a state with an 
increased reaction but with highly adapted responses, sim¬ 
ilarly to Dell’s [52] notion of a readiness to receive only 
some stimuli to the exclusion of others, in order to per¬ 
form efficiently. Both these definitions implicate the pres¬ 
ence of inhibitory processes during the active and adaptive 
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behavioral state of wakefulness. Considering the require¬ 
ment of a differential organization of cerebral networks 

for conscious integrative functions, Jasper [53] concluded [53] Jasper (1958, p. 341). 
that, for such high processes, ascending activation should 
include inhibition and that “some activated cells may have 
an inhibitory function.” While cellular studies in the two 
decades that followed Jasper’s prediction (1960s-1970s) 
rather claimed that a global blockage of inhibitory circuits 
occurs upon arousal, current concepts fully agree with 
Jasper’s assumption that some inhibitory neurons that 
underlie discriminatory functions are activated upon natu¬ 
ral arousal, brainstem reticular stimulation, or ion- 
tophoretic application of brainstem reticular transmitter 
agents. These data are fully discussed in Chapter 9. 


1.3. Concepts of Passive and Active 
Mechanisms Promoting Sleep 

Theories of passive sleep view sleep as a cessation of 
wakefulness, resulting from forebrain deafferentation by 
decreased or interrupted activity in specific sensory chan¬ 
nels or in generalized activating systems. These theories 
appeared since Lucretius’ De Rerum Natura and were elabo¬ 
rated in the last century by Bremer, Moruzzi and Magoun, 
and Kleitman [5, 8, 22]. Theories of active sleep view sleep 
as promoted by increased activity in systems with presumed 
inhibitory actions upon cerebral structures maintaining 
the state of wakefulness. They stemmed from the following 
lines of evidences: sleep induced by thalamic stimulation 

[54] , insomnia following anterior hypothalamic lesions [54] Hess (1944). 

[55] , brainstem transection experiments [20], and experi- t 55 ] Nauta (1946). 
mental manipulations leading to the serotonergic hypothe¬ 
sis of sleep [56]. In this section we review the roots and the [56] Jouvet (1972). 
current state of the passive and active hypotheses of sleep. 


1.3.1. Theories of Passive Sleep 

The idea that falling asleep is the simple result of nega¬ 
tion of the active waking state is based on experiments with 
stimulation inducing arousal and EEG activation, and on 
clinical and animal studies with midbrain and thalamic 
lesions followed by lethargy or coma. 

The experiments with brainstem reticular stimulation 
by Moruzzi and Magoun [8] led to the precise formulation 
of their theoretical concept of active waking and passive 
sleep: “The presence of a steady background of ... activity 
within this cephalically directed brainstem system, 
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contributed to either by liminal inflows from peripheral 
receptors or preserved intrinsically, may be an important 
factor to the maintenance of the waking state, and absence 
of such activity may predispose to sleep” (p. 470). This 
statement indicates that Moruzzi and Magoun did not 
express a clear choice between the two parts of the pro¬ 
posed alternative: (1) an intrinsic property of the brain¬ 
stem core maintains the waking state; or (2) wakefulness 
requires the contribution of sensory pathways that collat¬ 
eralize in the reticular formation. 

In fact, there is no incompatibility between the idea of 
a cerebral tone maintained by activities in sensory pathways 
and the brainstem reticular activating concept. Both factors 
should be considered as acting in concert. Experiments 
conducted in Speranski’s laboratory have shown that the 
interruption of olfactory, visual, and auditory pathways at 
the peripheral level is followed in dog by a prolonged state 
of lethargy. This led Pavlov [57] to emphasize the role of 
sensory impulses in the activated state of the cerebrum. 
Bremer’s [5] claim of a role played by sensory projections 
in maintaining the cerebral tone was undoubtedly 
strengthened by the experiments performed in his labora¬ 
tory by Claes (1939). The locally activated electrical activity 
in various neocortical areas by setting into motion specific 
sensory projections may become a generalized EEC activa¬ 
tion by the action of corticofugal pathways impinging upon 
the brainstem reticular formation [58]. These pathways, that 
use excitatory amino acids as transmitter agents, are dis¬ 
cussed in Chapters 3-4. Suffice it to mention the role of the 
corticoreticular feedback for the maintenance of the alert 
condition [7] and the depression of cell responsiveness in 
the upper brainstem reticular formation after a reversible 
cryogenic blockade of cortical sensory-motor areas [59]. 

The emphasis on the role of brainstem structures in 
the diffuse cerebral activation of the waking state was the 
result of acute experiments. Subsequent studies on 
chronic cerveau isole preparations [60] have shown that, 
after a period of 7-10 days, the animals recover from the 
comatose state that appears immediately after a precollicu- 
lar transection. Such chronic preparations display oscilla¬ 
tions between EEC patterns and ocular behavior of 
wakefulness and sleep, with the conclusion that a genuine 
state of wakefulness may be maintained in the isolated 
cerebrum [20]. The recovery of wakefulness in chronic 
cerveau isole preparations deserves some comments con¬ 
cerning the activating role of supramesencephalic struc¬ 
tures, namely, the thalamus, the posterior hypothalamus, 
the amygdala nuclear complex, and the basal forebrain. 

A bilateral symmetrical vascular lesion that mainly 
affected some medial and especially intralaminar thalamic 
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nuclei, due to a thrombosis at the bifurcation of the basilar 
artery, was followed by a state of lethargy lasting for more 
than 2 years [61]. In those studies, the thalamic lesions 
were associated with small vascular lesions in the midbrain 
periaqueductal gray. Generally, pure thalamic lesions are 
possible only experimentally. During the first 10 postoper¬ 
ative days after bilateral thalamectomy, with a midline 
approach that minimized cortical damage, “although the 
cat behaviorally awoke... the EEG remained synchro¬ 
nized” and, 3 months after thalamectomy, there was a 
delay of 10-20 s between behavioral arousal and EEG 
desynchronization [62]. Thus, while an enduring lethargic 
syndrome may occur after medial-intralaminar thalamic 
lesions combined with smaller midbrain tegmental lesions, 
behavioral arousal is not severely impaired after pure, 
total thalamic lesions. However, the EEG desynchroniza¬ 
tion ordinarily accompanying arousal is absent or greatly 
delayed even at late postoperative stages. 

Clinical-anatomical observations point to the poste¬ 
rior hypothalamus as a cerebral site whose lesions are fol¬ 
lowed by somnolence or coma [63]. More localized lesions 
than those resulting from the natural experiments created 
by the encephalitis letargica became possible with the 
introduction of the Horsley-Clarke stereotaxic instrument 
and its use through the 1930s. In experiments on macaque 
monkeys, Ranson [64] observed that bilateral lesions of 
the lateral parts of the posterior hypothalamus, which did 
not significantly encroach upon the thalamus and the mid¬ 
brain, produce a state of continuous lethargy, followed in 
later stages by a prevailing state of drowsiness and lack of 
motor initiative. Ranson did not decide whether the 
lethargic syndrome, presumably produced by elimination 
of excitatory activity arising in the hypothalamus, was 
mediated by downward projections to the brainstem and 
spinal cord or by upward projections toward the cerebral 
cortex. The results of Ranson’s experiments and the 
idea of a waking “center” located in the posterior hypo¬ 
thalamus have been revived during recent years by studies 
performed in Jouvet’s laboratory and postulating the 
maintenance of the waking state by histaminergic, corti- 
cally projecting neurons in the ventrolateral part of the 
posterior hypothalamus [65]. 

Related to the syndrome with loss of motor initiative 
described in monkeys by Ranson (see above), the clinical 
syndrome of akynetic mutism was first described in a 
patient with an epidermoid cyst of the third ventricle [66]. 
It can be described as a vigil coma, since the patients can be 
easily roused, but they lie inert and make no sound. Their 
eyes may follow moving objects or regard the observer 
steadily. Similar clinical cases have been subsequently 
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described following hypothalamic and brainstem tegmental 
lesions [67]. We stressed the point that this nosological 
entity should be confined to cases where there is a patho¬ 
logical interruption of ascending activating systems, 
excluding those cases where the lesion is diffuse and inter¬ 
rupts the effector pathways. In conditions without inter¬ 
ruption of corticospinal or corticobrainstem pathways (as 
ascertained by precise motoric answers to the examiner’s 
questions, by moving one or two fingers according to given 
codes and verbal instructions), the akynesia and mutism 
were interpreted as Antriebsmangel, an abolishment of 
incitation to action, due to the interruption of ascending 
activating impulses [68]. 

The history of cortical activating processes induced by 
basal forebrain structures is more recent and it is related 
to the long-standing concept that ascending activation 
processes are largely cholinergic in nature. This concept 
was based on data showing that midbrain reticular stimula¬ 
tion or EEG-activated behavioral states of waking and REM 
sleep are associated with a large increase in cortical release 
of acetylcholine (ACh), as compared with EEG-synchro- 
nized states [69]. While described a long time ago by 
Meynert [70], the nucleus basalis and the adjacent basal 
forebrain structures of the same family were implicated in 
cortical cholinergic activation only since the 1980s, when 
immunohistochemical studies showed that thalamocorti¬ 
cal neurons, the final link in the ascending brainstem 
reticular system, do not use ACh as a transmitter agent. In 
some early kainate-induced lesion studies of the basal fore¬ 
brain, there was a loss of cortical EEG activation, but those 
results are not in terpretable because there was also exten¬ 
sive damage to the thalamus. More precise chemical 
lesions of basal fore brain cell bodies in the rat, with conse¬ 
quent reduction in acetylcholinesterase (AChE) staining 
in the ipsilateral cortex, produced a large increase in slow 
and delta EEG waves during all behaviors [71]. Similarly, 
EEG alterations with an increased tendency toward slow 
waves are seen in Alzheimer’s patients [72]. These data, 
that are reminiscent of results obtained by means of 
cholinergic blockers, such as atropine [73], substantiate a 
direct cholinergic effect exerted by cortically projecting 
basal forebrain neurons in inducing cortical low voltage 
and fast activity. An indirect activating effect on the EEG is 
mediated by nucleus basalis cholinergic (and GABAergic) 
projections to the thalamic reticular thalamic nucleus [74] 
that effectively block synchronous spindle oscillations at 
their very site of genesis (see Chapters 7 and 9). 

The point should be emphasized that the most power¬ 
ful drive of all activating supramesencephalic structures 
arises in the upper brainstem reticular core. This is true 
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for ventromedial and intralaminar thalamic nuclei with 
diffuse cortical projections, the posterior and lateral hypo¬ 
thalamic areas, and the basal forebrain cellular aggregates. 
In the intact animal, these diencephalic and forebrain 
neurons integrate ascending reticular impulses in their 
route to the cerebral cortex. The question arises as to the 
source of excitatory input to supramesencephalic struc¬ 
tures in the chronic precollicular-transected preparation. 
This preparation displays EEG and ocular signs indicating 
a waking condition in the isolated cerebrum [60]. It is 
known that basal forebrain nuclei receive a projection 
from the amygdala [75] and stimulation of amygdala 
nuclei induces EEG activation even after complete discon¬ 
nection from the midbrain reticular formation [76]. We 
suggest that, in a precollicular preparation, intrinsic or 
sensory (olfactory and visual)-induced activities of thala¬ 
mic, posterior hypothalamic, and basal forebrain nuclei 
are effective in providing excitatory inputs for activation 
processes. It is also possible that denervation hypersensitiv¬ 
ity [77] occurs in supramesencephalic structures after pre¬ 
collicular transection. Indeed, following excitotoxic 
lesions of midbrain reticular neurons, there is a strikingly 
decreased duration of the waking state but, 7 to 10 days 
after, an increased duration of wakefulness occurred [78], 
likely due to the denervation hypersensitivity of target 
structures located more rostrally, in the diencephalon. 
Studies of cellular activity in supramesencephalic areas, 
hypothetically endowed with activating properties in the 
chronic stages of a cerveau isole preparation, are still lack¬ 
ing. Such studies would provide information on the activ¬ 
ity of neuronal networks in the isolated cerebrum. 

The main reasons accounting for an active theory of 
sleep is that sleep can be induced by stimulation of sensory 
receptors or central structures. Some of these experiments 
are discussed below. 


1.3.2. Theories of Active Sleep 

We shall not review data with EEG synchronization 
promoted by low frequency (6-14/s) peripheral or central 
stimulation [20] because such frequency parameters 
induce synchronized waves over the cortex even when 
applied to structures known to have activating properties. 
The variety of sites implicated in “sleep” simply because 
their stimulation led to EEG synchrony extends from the 
neo- and allocortex down to the medulla. Thus, if we 
accept this criterion, we would be forced to conclude, as 
remarked by Jouvet [2], that the whole encephalon has 
hypnogenic properties. Moreover, while rhythmic waves 
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within the low frequency range may outlast the stimulation 
period, they are probably due to resonant activities in 
reciprocal thalamocortical loops (see Chapters 7-8) and 
are not necessarily related to the state of falling asleep. 

We shall therefore discuss only the evidence pro and 
contra three cerebral sites that were postulated as having 
active hypnogenic properties: the region of the solitary 
tract nucleus in the medulla, some medial thalamic nuclei, 
and the preoptic area in basal fore brain. We consider that 
lesion studies inducing insomnia are more convincing 
for hypotheses of active hypnogenic structures than data 
obtained with electrical stimulation. While the latter tech¬ 
nique should be used for the analytical purposes of identify¬ 
ing the input-output organization of a neuron or for 
studying state-dependent excitatory-inhibitory events in 
a cell, such synchronous stimuli are nonsensical for nor¬ 
mal brain activity since they disturb natural patterns of 
neuronal discharges, and thus can hardly be used to mimic 
natural states of sleep. 

The active inhibitory role of the lower brainstem retic¬ 
ular formation upon the rostral reticular core was hypothe¬ 
sized by Moruzzi and his group after the results of the 
midpontine pretrigeminal transection [20]. Those experi¬ 
ments showed that the midpontine-transected animal dis¬ 
plays a state of enduring alertness, about 70-90% of the 
total time of recording, a true experimental insomnia [79]. 
Among the numerous arguments brought by the Pisa group 
in favor of the synchronizing or possibly sleep-inducing 
influence of the lower brainstem reticular core, we mention 
the EEG-activated state following inactivation of the lower 
brainstem core by intravertebral injections of barbiturates 
[80] or by cooling the medullary floor of the fourth ventri¬ 
cle [81]. At the cellular level, however, the projections from 
the lower to the upper brainstem reticular formation are 
usually described in excitatory terms, with both extra- and 
intracellular recordings in unanesthetized preparations 
(see Chapter 3). Moreover, recordings of bulbar reticular 
units during the waking-sleep cycle have revealed neurons 
with physiologically identified projections to the midbrain 
and/or thalamus that displayed an increased activity related 
to EEG activation in both waking and REM sleep (see 
Chapter 10), but no evidence was found for neurons with 
increased activity during drowsiness or slow-wave sleep. 

Sleep was also induced in cat by electrical stimulation 
of a medial thalamic area, just lateral to nucleus reuniens, 
by Hess [54] who claimed that sleep occurred after low- 
rate (8-10 Hz) stimulation. Besides the long latencies 
of the observed effects (tens of seconds or even a few 
minutes), the difficulties in interpreting Hess’ studies [82] 
also come from the fact that cat is a good sleeper and the 
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described effects may well have been due to the animal’s 
natural propensity toward sleep. Hess’ data can be related 
to more recent clinical investigations reporting “fatal 
insomnia” after “selective degeneration” of medial thala¬ 
mic nuclei [83]. However, those thalamic lesions were not 
selective as they also included lesions of at least seven or 
eight other major thalamic nuclei and they were also asso¬ 
ciated with brainstem and forebrain lesions [84], In fact, 
in “fatal insomnia” severe neuronal loss is found in “most 
thalamic nuclei” and a series of brainstem structures [85]. 
The “fatal” characteristic of this disease can be explained 
by hypothalamic and other lesions leading to autonomic 
disturbances. Therefore, there is no thalamic sleep “center.” 
Contrariwise, lesions in some thalamic nuclei are associ¬ 
ated with hypersomnia [61, 86]. 

Jouvet’s theory of the role played by raphe nuclei and 
their major transmitter, serotonin (5-hydroxytryptamine, 
5-HT), in sleep generation was based, among other experi¬ 
mental findings, on sleeplessness after destruction of 
raphe nuclei, EEG synchronization after ventricular infu¬ 
sions of 5-HT or local application of 5-HT at the level of 
critical brain structures implicated in sleep generation 
by other evidence, insomnia after administration of 
jb-chlorophenylalanine (PCPA), an inhibitor of 5-HT 
biosynthesis, and sleep recovery after a small dose of a 
direct precursor of 5-HT [2]. The raphe theory did not 
apparently resist the advent of results based on cellular 
recordings from dorsal raphe neurons, which showed that 
their activity decreases when the animal passes from wake¬ 
fulness to EEG-synchronized sleep [87]. Although Jouvet’s 
claims seem unfounded in the light of these data at the 
single-cell level and also by experiments of his own group 
[88], more recent results show that 5-HT may be a factor 
that, in addition to other mechanisms, may contribute to 
generation of slow-wave sleep. Thus, 5-HT hyperpolarizes 
and increases the membrane conductance of thalamic 
relay neurons of many dorsal thalamic nuclei [89] but 
depolarizes reticular neurons [90] and may thus contribute 
to the generation of sleep spindles in these pacemaker 
GABAergic neurons [91]. As discussed in Chapter 7, sleep 
spindles are associated with rhythmic inhibitory postsynap- 
tic potentials (IPSPs) in thalamocortical neurons, which 
obliterate synaptic transmission through the thalamus and 
disconnect the cerebral cortex from the outside world. 

Electrical stimulation of the lateral preoptic region 
and diagonal band nuclei led to EEG synchronization and 
behavioral sleep in the behaving cat, even when high fre¬ 
quency (150 Hz) stimuli were used [92]. The usual criti¬ 
cism of those experiments is that the latency of the 
hypnogenic effect was quite long (average time about 30 s) 
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and might well have represented “spontaneous” drowsy 
periods of the cat, a naturally very good sleeper. The other 
criticism is that, with electrical stimuli, one cannot distin¬ 
guish between activation of cell bodies and terminal or 
passing fibers. In this respect, Jouvet [2] argued that fibers 
from the serotonergic raphe nuclei terminating in the 
basal forebrain were implicated in the sleep syndrome 
produced by stimulating the basal forebrain areas. In fact, 
pretreatment with PCPA, a depletor of serotonergic termi¬ 
nals, suppresses the sleep effect of basal forebrain stimula¬ 
tion [93], although the nonspecificity of PCPA effects 
renders the significance of this result uncertain. 

The hypothesis implicating the hypnogenic nature of 
the preoptic area in the anterior hypothalamus can be 
traced back to Nauta’s [55] experiments showing that 
insomnia follows lesions of that area. Nauta’s results have 
been confirmed by experiments with basal forebrain 
lesions leading to insomnia, appearing after a quite long 
delay [94]. The long-latency appearance of insomnia and 
the fact that alterations of temperature regulation could 
appear after basal forebrain lesions led Jouvet [2] to cast 
doubt on this phenomenon and to term it a secondary 
insomnia due to unknown factors, but not directly induced 
by suppressing a sleep-promoting structure. However, a 
long-lasting insomnia, mosdy affecting the deep stage of 
EEG-synchronized sleep and REM sleep, was induced in 
experiments performed by Jouvet’s group using ibotenic- 
induced lesions of perikarya in the lateral part of the pre¬ 
optic area, without secondary signs of temperature 
disturbances [95]. These results led to the hypothesis that 
the insomnia after preoptic lesions is due to enhanced 
excitability of the posterior hypothalamic implicated in 
awakening, attributed to inhibitory (GABAergic) projec¬ 
tions from the anterior hypothalamus to the posterior 
hypothalamus, which have subsequently been demon¬ 
strated [96]. This hypothesis is congruent with the tran¬ 
sient recovery of sleep following inactivation of awakening 
posterior hypothalamic neurons by muscimol infusion into 
that area [97]. The integrity of preoptic areas in the ante¬ 
rior hypothalamus seemed then not a necessary condition 
for sleep onset, as sleep could be restored by inhibition of 
posterior hypothalamic activating neurons. 

Nonetheless, these experiments with insomnia 
produced by excitotoxic lesions of preoptic perikarya 
raised again the possibility that this region plays a hypno¬ 
genic role. However, recordings of basal forebrain neu¬ 
rons showed that more than 70% were waking-active or 
state-indifferent and that only a relatively small proportion 
exhibit higher discharge rates during EEG-synchronized 
sleep than in waking or REM sleep [98]. Other studies 
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have demonstrated even a more clear-cut relationship 
exists between the increased firing rates of basal forebrain 
neurons and EEG-activated behavioral states [71, 99]. 
Adenosine, the most likely hypnogenic factor, inhibits 
basal forebrain neurons [100], similarly to the action 
exerted on mesopontine cholinergic neurons [101]; see 
details on adenosine in Chapters 6 and 13. 

More recent studies tested the hypothesis of a hypno¬ 
genic role played by ventrolateral preoptic neurons through 
their GABAergic projection to the posterior hypothalamus. 
Immunohistochemical studies identified the fos protein 
accumulated in a group of preoptic neurons that were acti¬ 
vated during the state of slow-wave sleep [102] and unit 
recordings from the ventrolateral preoptic area confirmed 
that a minority of neurons in that region discharged at 
higher rates during slow-wave sleep than during wakefulness, 
a pattern that was reciprocally related with that of posterior 
hypothalamic (putative histaminergic) neurons [103]. 

The active theory of sleep was also tested with the 
method of 2-deoxyglucose autoradiography, which was 
used to investigate more than a dozen brain structures pos¬ 
tulated as “hypnogenic,” including the preoptic area of the 
basal forebrain. No region was found to increase the meta¬ 
bolic rate during quiet sleep [104]. It is notable that, with 
the same method, a significant increase in metabolic activ¬ 
ity was found in the intralaminar thalamic nuclei after 
stimulation of the midbrain reticular formation [105]. 
However, the 2-deoxyglucose autoradiography method 
may not detect small groups of neurons, dispersed within 
the preoptic region. 

We conclude that the idea of an active hypnogenic 
focus still awaits consistent data at the cellular level. The 
neurons hypothetically endowed with such sleep-promoting 
functions should be recorded and physiologically identi¬ 
fied as projecting toward, and exerting inhibitory actions 
upon, the most likely candidates of activation processes, 
such as the brainstem cholinergic and noradrenergic neu¬ 
rons and posterior hypothalamus histaminergic neurons. 
While the concept of a hypnogenic focus in the basal fore¬ 
brain may be disputable in the light of the evidence dis¬ 
cussed above, it is our opinion that it is in the ventrolateral 
part of the preoptic area, or more generally in the basal forebrain, 
that actively hypnogenic neurons should be searched. The rea¬ 
sons are that basal forebrain neurons projecting to the 
brainstem core and posterior hypothalamus [96, 106] are 
cholinergic [107] and GABAergic [108] and that the pre¬ 
sumed inhibition of waking-active brainstem neurons 
would be ascribable not only to GABA but also to ACh that 
exerts hyperpolarizing actions upon brainstem peri- 
brachial [109] and pedunculopontine cholinergic [110] 
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neurons. The latter elements are known to project widely 
to the thalamus and to exert activating influences at that 
level (see Chapters 4 and 9). 

Finally we note that passive and active theories of sleep 
need not be mutually exclusive, but may be regarded as 
complementary mechanisms. Thus, the high-frequency 
spike-bursts of thalamic and cortical neurons that result 
from deafferentation during drowsiness may be effective in 
triggering structures hypothesized to have active hypno- 
genic properties. Indeed, the production of high-frequency 
bursts in thalamocortical neurons can be partly ascribed to 
disfacilitation processes in brainstem-thalamic excitatory 
pathways, as indicated by a period of neuronal silence pre¬ 
ceding the appearance of spike bursts [ 111 ]. At sleep onset, 
a period of neuronal silence lasting about 0.5-1 s reliably 
precedes the spike bursts of antidromically identified corti¬ 
cospinal and corticobrainstem neurons, associated with 
rhythmic focal oscillations within the spindle frequency 
(Fig. 1.7). The spike bursts in the axons of pyramidal tract 
or other types of corticofugal neurons are coincident, dur¬ 
ing sleep induction by vagoaortic stimulation, with phasi- 
cally increased neuronal activity in the area surrounding the 
nucleus of the solitary tract [112], one of the structures pos¬ 
tulated to cause active induction of EEG synchronization 
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Figure 1.7. Changes in neuronal firing of corticofugal neurons with transition from waking (W) to sleep 
(S) in behaving cats. The top part (ink-written record) depicts a cortical neuron from parietal association 
area 5, antidromically identified from the lateral posterior thalamic nucleus. Note diminished firing rate 
of the neuron (first trace) prior and during a focal spindle sequence recorded by the same microelec¬ 
trode (second trace; arrow marks the onset of the first focal spindles). The bottom part depicts the origi¬ 
nal spikes of two neurons (a and b in 3) recorded from cortical area 5; both were antidromically 
identified from the thalamic centromedian nucleus. Traces l-to-3 represent three W-to-S transitions dur¬ 
ing three successive wake-sleep cycles; increased amplitudes of both a and b discharges from periods 1 to 
3, separated by about 70 min. Note that the appearance of focal spindles (dotted line in 3 tentatively indi¬ 
cates the baseline) is preceded by silent firing, thereafter followed by rhythmic burst discharges. 
Modified from Steriade (1978). 
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and sleep. Similar sequences may exist in other connected 
brain structures that initially undergo passive deafferenta- 
tion effects, display postinhibitory rebound excitation, and 
eventually trigger active hypnogenic areas. 


1.4. “Centers” and Distributed Systems 

The whole path of research on behavioral states is 
paved with laudable attempts to find centers for waking 
and sleep. Centers may be defined in a number of different 
ways, and anatomical, physiological, and pharmacological 
criteria may be used, or some combination of these. We 
begin by suggesting a narrow definition of a center using 
each of these criteria. Using this concept, it will be seen 
that no sleep or wake state in toto can be said to have a cen¬ 
ter and even that few, if any, components of waking-sleep 
states have a “center.” 

Functionally, a neural center may be thought of as 
subserving one function and not any other. A behavioral 
state center would imply a group of neurons, homogenous 
in their input-output organization and chemical code(s), 
and having the required pathways to project the generated 
activity to the final effectors of the events involved in that 
state. Furthermore, additional criteria in our restrictive 
definition are: (1) stimulation of perikarya in the center 
induces increased incidence of a given behavioral state or, 
at least, some of the crucial electrographic correlates of 
that state; (2) destruction of the center is necessarily fol¬ 
lowed by suppression of the implicated state; (3) the cen¬ 
ter, when deafferented from its major inputs, should 
continue to generate the state or to exhibit some of the 
defining electrographic signs of the state; and (4) neurons 
recorded in the center must display changes in activity in 
advance of the overt electrographic and behavioral aspects 
of the given state of vigilance. As we shall see, such rigid 
criteria are difficult for sleep-wake states to fulfill. They 
even have difficulty meeting a weaker definition of a 
center that uses the functional-anatomical criterion that 
a “center is an anatomically defined and localized set of 
neurons serving one function and no other.” 

To begin with, homogenous cell-groups are difficult to 
find in the mammalian brain. A few happy examples are the 
thalamic reticular nucleus that consists of a single type of 
GABAergic cells or the locus coeruleus of rat that is a 
homogenous collection of noradrenergic neurons; how¬ 
ever, the same does not apply to cat, a species in which locus 
coeruleus contains a certain proportion of cholinergic cells. 
On the other hand, the heterogeneity of the so-called giant 
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field of the pontine reticular formation, a structure that has 
strongly been implicated in the genesis of REM sleep, is 
manifold. Conventional staining showed that pontine giant 
cells are intermingled with even more numerous medium- 
size and small neurons [113]; and intracellular staining with 
horseradish peroxidase have revealed the existence of at 
least two cell populations with descending projections 
[114], not to mention pontine reticular neurons with 
ascending projections that, as yet, have not been morpho¬ 
logically identified (see details in Chapter 3). As to the 
transmitter agent(s) used by pontine reticular neurons, 
they have not yet been completely defined, although many 
large-size brainstem reticular neurons are thought to be 
glutamatergic [115]. Other brain structures implicated in 
tonic and/or phasic events of EEG-desynchronized states 
were initially con-sidered as purely cholinergic centers. 
However, it is now known, for example, that the peduncu- 
lopontine teg-mental nucleus also contains catecholamin- 
ergic neurons and that nucleus basalis has a significant 
proportion of GABAergic neurons (see Chapter 4). 

It is then difficult to conceive that such “centers” 
would exert functions that are sometimes depicted simply 
as pluses or minuses in models’ diagrams, when the differ¬ 
ent transmitters of their neurons may exert various (even 
opposite) effects. The situation is made more complicated 
by the fact that two or more transmitters are colocalized 
in the same brainstem neuron [116]. The nature of this 
coexistence (synergism or competition) is not generally 
understood at the present time [117]. 

Until now, very few cerebral structures have been 
found that fulfill the above criteria defining a center, and 
this is true for any function or state, not only states of vigi¬ 
lance. In a much looser sense, the pons may be thought to 
be the center of REM sleep since the prepontine cat dis¬ 
plays major aspects of this state, whereas the animal with a 
caudopontine transection does not (see Section 1.1). In 
addition, studies employing all (stimulation, lesioning, and 
cellular recording) techniques have consistently revealed 
that the major events of REM sleep originate within or 
close to this brainstem sector (see Chapters 11-12). But the 
heterogeneity of the pontine tegmentum defies the notion 
of a center in a restrictive sense. It is, in fact, this hetero¬ 
geneity, with interacting cellular groups having different 
input-output organizations and using different transmit¬ 
ters, which probably underlies the genesis of REM sleep. 
The interaction of heterogeneous elements must be under¬ 
stood by an intensive analysis at the cellular level, taking 
into account the connectivity, the intrinsic neuronal prop¬ 
erties, and the neurotransmitters, an approach we seek to 
further in this book. 
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It is similarly difficult to establish a “center” for EEG 
activation since, as yet, all lesions in many structures have 
failed to abolish it for a long time during waking and, even 
more problematically, during REM sleep. 

Confronted with the difficulties in fulfilling the rigid 
criteria of centers for states of vigilance or their peculiar 
physiological correlates, some investigators have begun 
to use the notion of distributed systems. This has the 
danger that the flexibility of this notion means a retreat 
into vagueness so that hypotheses concerning the role of 
multiple interrelated structures in the genesis of a given 
behavioral state cannot be proved wrong. 

The GABAergic thalamic reticular nucleus does appear 
to meet the above-mentioned criteria of stimulation, lesion, 
isolation, and cellular recording, for a pacemaker of spindle 
oscillations, a defining electrographic feature of sleep 
onset. Indeed, spindles are abolished in thalamocortical 
systems after disconnection from reticular nucleus, the 
deafferented reticular neurons continue to oscillate in vivo 
within spindle frequencies, intracellular recordings in vivo 
demonstrate inverse images in GABAergic reticular cells 
and their inhibited targets (the thalamocortical neurons), 
and stimulation of reticular nucleus (with the same frequen¬ 
cies as those of reticular spike barrages during sleep spin¬ 
dles) induces oscillations within spindle frequencies in 
thalamocortical neurons in vitro (see details in Chapter 7). 
Still, the widespread synchronization of sleep spindles 
requires the intactness of the cerebral cortex [118] and the 
transfer of spindles to cortex require interactions between 
reticular and thalamocortical cells [119]. This indicates that 
even such homogeneous structures, like the thalamic reticu¬ 
lar nucleus, displaying pacemaker properties for the gener¬ 
ation of an electrographic correlate of sleep, needs 
extensive relations with other structures for the generation 
of a given function. Further light on the complex pacemak¬ 
ing properties of reticular thalamic neurons, intrathalamic 
spread of spindle oscillations, and brainstem-thalamic 
mechanisms of spindle disruption, will obviously be possible 
by using the isolated whole-brain preparation in which spin¬ 
dle sequences have been recorded [120], resembling very 
much those observed in the intact animal. Similarly, the 
knowledge of REM sleep mechanisms will be greatly 
advanced by using the technique of the in vitro perfused 
brainstem, whose viability was assessed by comparing the 
electrophysiological properties of inferior olive and pontine 
neurons, among others, to those observed in vivo [121]. 

These new techniques provide the possibility of study¬ 
ing both the intrinsic properties of neurons (that are com¬ 
monly investigated in brain slices) and the interactions 
between the cell and the entire sets of neuronal circuits 
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that are preserved in the isolated whole-brain or brainstem 
preparation. One can predict that the next decade will see 
a true renaissance of brain studies based on the combina¬ 
tion of the isolated whole-brain, in parallel with in vivo 
investigations. Indeed, while the properties of neuronal 
networks are engraved to a minor extent in the intrinsic 
properties of their constituent single neurons, the full 
understanding of network characteristics depends on the 
knowledge of driving forces and connections between the 
elements of neuronal ensembles, so that different net¬ 
works would generate dissimilar functional states despite 
the fact that their individual components have similar or 
identical intrinsic properties [122]. 

Finally, an important consideration for behavioral 
state control is that brain-activated states, such as REM 
sleep, may result from modulation of excitability in sets of 
neurons subserving its many component functions, such as 
the phenomena of saccades, muscle atonia, EEG activation, 
and PGO waves, which define this state [123]. Thus, behav¬ 
ioral state physiology may, to a large part, rest on increased 
knowledge of the effect of changing excitatory and 
inhibitory bias on defined neuronal networks, a physiology 
readily amenable to, and even demanding, quantitative 
modeling. 
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Methodology of Morphological and 
Physiological Substrates Underlying 
States of Vigilance 


2.1. Morphological Tools 


2.1.1. Nissl and Golgi Staining, and Some 
Recent Developments 


[ 1 ] Olszewski and Baxter 
(1954); Brodal (1957); 
Taber (1961); Berman 
(1968); Petrovicky (1980). 
[2] Moruzzi and Magoun 
(1949). 


Until the 1970s, the Nissl, Golgi, and degeneration 
techniques were the most important tools for the knowl¬ 
edge of brainstem morphology and hodology. 

The differentiation of the brainstem reticular core 
into nuclei was based on Nissl-stained sections in human, 
cat and rat [1]. The classical study by Olszewski and Baxter 
[1] was the most important of the early signs reflecting the 
interest aroused among the anatomists by the discovery of 
Moruzzi and Magoun [2]. Olszewski and Baxter believed 
in a difference in functional organization of different 
areas in the brainstem reticular core that justified the 
delineation and classification of such regions as nuclei. 
They considered, however, that the anatomical designa¬ 
tion of reticular formation might be abandoned alto¬ 
gether (possibly because of the “reticularistic” flavor of the 
term, implying continuity between neurons) and, instead, 
proposed the use of the term “nuclei of unknown connec¬ 
tions” for the newly described regions belonging to the 
reticular formation. In those early times and even more 
recently, many physiologists felt that there was no need for 
so many reticular nuclei, differentiated on the basis of 
cytological differences. Ironically, when Nissl and Golgi 
techniques were more recently used to define the neu¬ 
ronal morphology in regions were retrograde labeling was 
observed after horseradish peroxidase (HRP) injections 
into the spinal cord, at least 13 brainstem nuclei were 
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found just in the pons and mesencephalon and these 
were limited to cell-groups giving rise to reticulospinal 
projections [3]. 

At variance with the tendency toward analytic dissec¬ 
tion of brainstem nuclei by means of Nissl staining, Golgi 
studies emphasized the uniform morphology of reticular 
neurons and suggested a cellular archetype based on den- 
droarchitectonics. The brainstem reticular neuron was 
defined by its radiate, relatively long and rectilinear den¬ 
drites that transcend the limits of the nucleus in which the 
soma lies and that overlap with dendrites of other reticular 
cells [4]. The term isodendritic was introduced for its topog- 
nostic value, the dendritic configuration allowing not only 
the identification of Golgi-stained cells as belonging to the 
brainstem reticular formation, but also permitting the 
recognition of similar neurons in distant (thalamic, sub¬ 
thalamic, and hypothalamic) territories that are connec- 
tionally and functionally related to the brainstem core 
(Fig. 2.1). Obviously, the considerable degree of dendritic 
overlap in the brainstem core suggests that reticular neu¬ 
rons are not likely to receive specialized inputs and that 
they offer a substrate for integration of afferents from 
heterogeneous sources. 

The typical radiating dendritic pattern of brainstem 
reticular cells was first seen in newborn animals. In some 
brainstem nuclei of the medullary reticular formation, this 
pattern is rearranged during maturation, eventually 


[3] Newman (1985a,b). 


[4] Scheibel and Scheibel 
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Zhukova (1963); Ramon- 
Moliner and Nauta (1966). 



Figure 2.1. Different dendritic patterns of brainstem reticular neurons and thalamic relay neurons in 
Golgi impregnations. A, gigantocellular field of pontine reticular formation in kitten, X180. B, lateral 
geniculate thalamic nucleus in kitten, X240. Courtesy of Dr. E. Ramon-Moliner. 
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Figure 2.2. Cross-sections through the dorsal half of the lower medulla oblongata in newborn and adult 
cats to show the difference in dendrite patterns of reticular neurons. Neurons of the rostral part of the 
nucleus reticularis parvocellularis (A) and of the nucleus reticularis magnocellularis (B) show familiar 
radiating dendrites bearing many excrescences in the newborn. In the adult, the dendrites have been 
“resculpted” to form characteristic bundles that surround the rostrocaudal running fascicles of myeli¬ 
nated fibers. Other abbreviations include: G, medial longitudinal fasciculus; D, nucleus prepositus 
hypoglossi; E, medial vestibular nucleus. Drawn at X 103 from cat brainstem material stained by variants 
of the rapid Golgi method. From Scheibel and Scheibel (1975). 


[5] Scheibel and Scheibel 
(1975). 
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forming complexes of dendritic bundles that surround 
running fascicles of myelinated fibers [5] (Fig. 2.2). While 
the protospines of dendrites increase in number during 
the course of early development and peak near 11 days 
of age, later on they decline and eventually many are 
resorbed onto the dendritic surface [6]. 

In the Scheibels’ 1958 study [4], the Golgi method 
also helped to rule out the earlier hypothesis that the brain¬ 
stem reticular core essentially consists of chains of short- 
axoned cells. Their stainings revealed, on the contrary, that 
“no short-axoned Golgi type II cells exist in the brainstem 
core” (p. 37) and that “bulbar magnocellular elements usu¬ 
ally emit axons which course dorsomedially toward the 
region of the MLF (medial longitudinal bundle) ..., and 
bifurcate into caudad- and rostrad-running fibers which 
may reach the spinal cord and the mesencephalon or dien¬ 
cephalon, respectively” (p. 38-39). As yet, there are no sys¬ 
tematic data from studies with more powerful tools (such as 
intracellular HRP staining) indicating the presence of 
short-axoned neurons in the brainstem core. As to the sec¬ 
ond statement, concerning the long conductors branching 
both rostrally and caudally, this feature may characterize 
the brainstem reticular projections in the newborn (up to 
7-10 days old) animals from which Scheibels’ material 
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derived, but it is certainly not valid in adult animals in 
which neurons with ascending or descending projections 
are rather segregated (see Chapter 3). Nonetheless, 
Scheibels’ studies were the first to emphasize the projec¬ 
tions of single brainstem reticular neurons to distant sites 
and, thus, to provide data on the substratum of brainstem 
core control upon spinal cord and diencephalic operations. 

The capriciousness of Golgi method and the lack of 
quantitative data in earlier studies were compensated by 
attempts at determining the real shape and the actual 
dimension of the neuronal soma and dendrites of Golgi- 
stained elements by photogrammetric representations 
using different stages of illumination in serial sections [7] 
and by tridimensional reconstruction using computer 
analyses [8]. Such studies have been performed on various 
cellular types in the cerebellum, hippocampus, and neo¬ 
cortex, but detailed analyses of the brainstem core have 
not so far been undertaken. 

That Golgi technique can be combined with many 
other, more recent methods, including electron- 
microscopy (EM), retrograde transport of HRP, and 
immunocytochemistry, was demonstrated in a series of 
elegant studies by Somogyi and his colleagues, performed 
on visual cortex and striatonigral neurons [9]. A neuronal 
circuit was identified by Golgi staining and anterograde 
degeneration under EM analysis, as involving three succes¬ 
sive links: from geniculostriate degenerated axons to two 
Golgi-stained cortical targets in layer IV (a small pyramidal 
cell and a spiny stellate); in turn, some of the axonal 
arborizations of these two types of Golgi-stained neurons 
were found to establish asymmetrical contacts on large 
nonspiny stellate cells [9]. There are limitations of the 
above method of tracing neuronal chains since the Golgi 
technique does not usually stain myelinated axons and 
little information is obtained about the local-circuit or 
long-axoned character of the third neuron in the circuit. 
This led to staining, with the Golgi method, of neurons 
that had been retrogradely labeled by HRP transport; then 
EM was used to identify the type of synapses on the effer¬ 
ent neuron. Thus, Golgi-staining is used to identify the 
soma shape and dendritic patterns of a neuron (say X) 
whose projections were identified by means of retrograde 
HRP transport from a distant site, and the input to cell X is 
studied by EM-identified synapses of degenerating boutons 
after a lesion in a given structure [10]. The immunohisto- 
chemical localization of glutamate decarboxylase (GAD) in 
neurons that have also been processed with the Golgi pro¬ 
cedures and the EM identification of synaptic contacts 
made by GAD-positive boutons on Golgi-impregnated 
neurons have also been used. It has demonstrated that 
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GABAergic short-axoned cortical neurons receive powerful 
excitatory inputs and that some of them are contacted by 
other GABAergic neurons, a presumed basis for disinhibi- 
tion in target pyramidal cells [9, 11]. These methods of 
tracing neuronal networks should now be applied to brain¬ 
stem circuits between cholinergic and monoaminergic 
neurons with identified (ascending and descending) 
projections, which have been hypothesized to play a role in 
the genesis of behavioral states of vigilance and in the 
regulation of state-dependent neuronal activities in the 
cerebral cortex, thalamus, and spinal cord. 

During the past two decades, the more powerful tool 
of intracellular or intraaxonal staining technique was 
added to the Golgi method for the characterization of 
soma shape, dendritic domains, and axonal collateraliza¬ 
tion. In addition to details gained for the knowledge of cel¬ 
lular morphology, this method allows the knowledge of 
neuronal structure in physiologically identified elements. 
First employed in the visual cortex of cat, using the fluores¬ 
cent dye Procion yellow as the marker [12], the method 
was greatly developed with the use of intracellular HRP, 
Neurobiotin and Biocytin injections in a great variety of 
central structures, from the cerebral cortex to the spinal 
cord [13]. Within the brainstem, the intracellular HRP 
staining helped to demonstrate autapses, that is, a synapse 
between a neuron and a collateral of its own axon [14], in 
thalamically projecting neurons in substantia nigra pars 
reticulata [15], the soma-dendritic (SD) profile and 
axonal trajectory and branching of tectobulbospinal neu¬ 
rons [16], and the soma size, orientation of dendrites and 
axonal collateralization in two distinct classes of pontine 
and bulbar reticulospinal neurons [17]. In the cerebral 
cortex, intracellular staining showed the presence of many 
more dendritic spines in small-sized pyramidal neurons 
than in large-sized ones [18], which may be a basis for the 
higher discharge rates, with tonic firing, in monkey's slow- 
conducting corticothalamic and corticospinal pyramidal 
neurons during natural state of wakefulness, compared to 
fast-conducting pyramidal neurons [19]. 


2.1.2. Anterograde and Retrograde 
Tracing Techniques 

The autoradiographic tracing technique, introduced 
around 1970 [20], is based on the anterograde axonal 
transport of macromolecules that have incorporated 
radiolabeled amino acids injected in the vicinity of projec¬ 
tion neurons. The radioactive label is transported up to 
the axonal terminals (see technical procedures in [21]). 
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This method was amply used to reveal descending and 
ascending projections of brainstem reticular neurons. The 
anterograde transport technique is still the only tracing 
technique that unequivocally avoids the fiber-of-passage 
problem. Thus, the exact termination in the spinal gray 
matter of axons originating in various nuclei of the brain¬ 
stem (including direct projections to the motoneuronal 
cell-groups) was determined by means of radioactive 
amino-acids tracers that avoided the possible uptake of the 
retrograde HRP tracer by damaged axonal terminals (see 
below) and that proved to be much more sensitive than 
the anterograde degeneration technique [22]. 

However, when the ascending brainstem reticular 
projections were studied, the anterograde autoradio¬ 
graphic technique proved to be less powerful than the 
retrograde transport techniques. Indeed, autoradiogra¬ 
phic experiments revealed that midbrain and pontine 
reticular neurons project to medial, intralaminar, and 
reticular thalamic nuclei, but major sensory and motor 
relay thalamic nuclear groups remained unlabeled, such 
as the medial and lateral geniculate, ventrobasal and 
ventrolateral nuclei [23]. Since clear signs of facilitated 
synaptic transmission were seen in these relay thalamic 
nuclei following stimulation of the upper brainstem reticu¬ 
lar formation, the pathways underlying the potentiating 
effect remained to be elucidated. The disclosure of brain¬ 
stem reticular projections to virtually all relay and associa- 
tional thalamic nuclei was made possible by using 
injections of retrograde tracers strictly confined within the 
limits of those thalamic nuclei (see Chapter 3). 

Since 1984, the Phaseolus vulgaris leucoagglutinin 
(PHA-L) has been employed as an anterograde axonal 
tracer to reveal the axonal trajectory and terminals, and 
has sometimes been combined with the EM analysis of 
synaptic profiles [24]. The PHA-L method was used to trace 
efferent projections from the upper brainstem cholinergic 
nuclei [25] and it can be combined with immunohisto- 
chemical labels on the same brain section [26]. 

The retrograde tracers consist of the enzyme HRP, a 
series of fluorescent dyes, and labeled transmitter-related 
compounds. These three categories of retrograde markers 
are briefly presented below. 

The demonstration of the retrograde transport from 
the intramuscularly injected HRP to spinal cord motoneu¬ 
rons [27] and the retrograde transport in the centrifugal 
control pathway from the isthmooptic nucleus to the 
chick’s retina [28] was shown during the 1970s. Since then, 
the sensitivity of this method has been greatly improved 
with the introduction of tetramethylbenzidine (TMB) as 
the chromogen; this proved to be superior to all other 
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Figure 2.3. Types of horseradish peroxidase (HRP) transport. The broken line contains the injection site, 
a: uptake into intact terminals results in retrograde transport to the perikaryon and dendrites, b: the 
same type of uptake also results in labeling of axonal collaterals, c: uptake into intact peripheral sensory 
terminals results in labeling of the ganglion cell as well as in transganglionic labeling of central sensory 
terminals, d: a similar complex transport occurs along bipolar neurons, e and e': there is virtually no 
uptake or transport by intact axons passing through the injection site, f and fthere is entry of HRP into 
severed axons; entry into the proximal stump results in retrograde labeling; the labeling is granular and 
occurs within membrane-delimitated organelles if the perikaryon is at a distance from the point of injury 
or if the survival time is sufficiently long; labeling of the distal axonal stump is mostly by cytoplasmic 
diffusion, g and g': entry into an injured peripheral sensory axon results in retrograde, anterograde, and 
transganglionic labeling; the resulting transganglionic labeling almost always occurs as a consequence 
of active vesicular transport, h: uptake into an intact perikaryon results in anterograde transport into 
terminal fields, i: uptake into intact dendrites may result in labeling of the perikaryon and its axonal 
branches. From Mesulam (1982). 
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methods in tracing projections at the light-microscopic 
level [29]. The conjugation of HRP with the lectine wheat- 
germ-agglutinin (WGA) has the advantage of a much more 
potent tracing for neuronal connections, especially when 
minute amounts of tracer have to be injected [30]. 

The problems involved in studies with HRP injections 
mainly concern the uptake by passing fibers and the 
precise delineation of the injected territory. While there is 
virtually no uptake or transport by intact axons coursing 
through the injection site, there is entry of HRP into 
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severed axons (axons e and f, respectively, in Fig. 2.3). The 
absence of uptake by intact axons was documented in a 
study that showed lack of retrogradely labeled cells in 
habenular nuclei, in spite of the fact that the HRP injec¬ 
tion into the center median-parafascicular thalamic com¬ 
plex also covered the passing retroflex bundle [31]. A [31] Steriade etal (1988). 
precaution to avoid HRP entry into severed axons is a 
delayed injection through a previously implanted cannula, 
allowing about 24-36 hr for axonal cicatrization or degen¬ 
eration, to preclude the HRP transport. As to the site of 
the HRP injections, its size is greater (and probably overes¬ 
timated) when using the TMB procedure, as compared to 
the diaminobenzidine (DAB) procedure. It is generally 
believed that only the center of the injection corresponds 
to the region of effective uptake. 

One of the most difficult assessments as to the critical 
localization of HRP injections concerns the various thala¬ 
mic nuclear groups (Fig. 2.4, A-B), quite closely located 
on the thalamic map, each of them being interposed 
within distinct sensory and motor modalities or systems 
with general regulatory functions. In those cases, in addi¬ 
tion to the histological examination of HRP injection sites 
on counterstained sections to facilitate the recognition of 
nuclear boundaries, the evidence that the injection was 
strictly localized within a given nucleus comes from the dif¬ 
ferential patterns of retrograde and anterograde labeling 



Figure 2.4. Localization of WGA-HRP injections in various thalamic relay nuclei of cat. A and B, oblique 
injections in the ventroposterior and medial geniculate nuclei, respectively. C and D, anterograde and 
retrograde labeling in suprasylvian gyrus (C) and coronal gyrus (D) after WGA-HRP injections in the 
thalamic lateral posterior and ventroposterior nuclei, respectively. Horizontal bars indicate mm. 
Modified from Steriade et al (1988). 
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in various cortical areas, known to have reciprocal connec¬ 
tions with the injected thalamic nucleus (Fig. 2.4, C-D). 
Thus, for example, after an injection in anterior nuclei, 
massive retrograde cell labeling occurs in the retrosplenial 
gyrus, but not in the pericruciate cortex, indicating that 
the injection did not encroach upon the adjacent centro- 
lateral and ventromedial thalamic nuclei. The localization 
of HRP injections within the limits of various sensory thala¬ 
mic nuclei was necessary because very great percentages 
(70-90%) of retrogradely labeled brainstem reticular 
cholinergic neurons were uniformly distributed in a cir¬ 
cumscribed region at the midbrain-pontine junction, 
regardless of the thalamic location of HRP injection [31]. 

In addition to the retrograde tracing, HRP is com¬ 
parable to the amino-acid autoradiographic technique for 
anterograde tracing [32]. The validity of HRP histochem¬ 
istry for both retrograde and anterograde tracing is espe¬ 
cially fruitful for the disclosure of reciprocal connections 
between two structures. For example, when WGA-HRP is 
injected in a thalamic relay or association nucleus, retro¬ 
grade labeling is found in neurons of cortical layer VI, while 
the fine-grained extraperikaryal product reflecting the 
anterograde HRP transport is mainly seen in middle layers 
IV and supervening part of layer III (see above, Fig. 2.4, 
C-D). The anterograde transport of HRP was also used to 
reveal a superficial diffuse cortical projection of the cat ven¬ 
tromedial thalamic nucleus to the outer third of layer I [33], 
in line with data obtained by means of autoradiographic 
experiments in the rat [34]. In some cases, the HRP method 
proved to be more sensitive than the autoradiographic one. 
With injections of 3 H-proline into the intralaminar centro- 
lateral nucleus, anterograde labeling was found in layers V 
and VI of visual cortical areas 17 and 18 in the cat, whereas 
the use of the anterograde transport of WGA-HRP led, in 
addition, to a distinct band of terminal labeling in layer I as 
well as, occasionally, the labeling of a thalamocortical axon 
traversing the cortical layers vertically [35]. 

The fluorescent dyes were introduced by Kuypers and 
his colleagues [36] and are especially suited for the 
demonstration of axonal collateralization to different 
structures by means of multiple-labeling methods. The 
most employed compounds are Fast Blue and Nuclear 
Yellow that are useful for retrograde transport in long 
pathways. This method was applied to test the hypothesis 
of ascending and descending projections of the same 
brainstem reticular neuron. One fluorescent dye was 
injected in the spinal cord and another dye in the cere¬ 
bellum or in the diencephalon; the results showed that 
very few reticulospinal cells of the pontine gigantocellular 
field also provide collaterals to the cerebellum or to the 
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diencephalon [37]. The same method was recently used to 
demonstrate that a significant number of monkey’s basal 
forebrain neurons send axon collaterals to both the thala¬ 
mic reticular nucleus and the cholinergic peribrachial 
area in the upper brainstem core, while no basal forebrain 
neurons were disclosed to send branching axons to the 
brainstem core and the cerebral cortex [38]. 

Lastly, retrograde tracing can be obtained by using 
some transmitters or related molecules that, after having 
been selectively taken by the axon terminals, migrate 
toward the peryikaryon where they are accumulated. By 
contrast with HRP or other retrograde tracers that label 
nonselectively all neurons with terminals within the injected 
area, only neurons with an affinity uptake mechanism for a 
given transmitter or precursor will be retrogradely labeled 
after the injection of the tritiated transmitter marker into 
the projection area. The first experiments with this method 
have been performed in the 1970s on the pigeon optic 
tectum [39]. Since then, a series of studies succeeded in 
demonstrating the retrograde transport of tritiated sero¬ 
tonin (5-HT) in the pathways between the nucleus raphe 
dorsalis and substantia nigra or caudoputamen [40], gluta¬ 
mate/aspartate in corticothalamic pathway [41], and 
choline in the pigeon’s thalamo-Wulst projection [42] and 
in the pathway between the brainstem core and the basal 
forebrain [43]. 


2.1.3. Immunohistochemical Identification of 

Various Cell-Groups and their Projections 

The history of research on the chemical code of 
neurons in various groups of the brainstem core began in 
the 1960s with the use of formaldehyde histofluorescence 
method [44] and continued with the introduction of the 
glyoxylic acid fluorescence method [45]. Both these meth¬ 
ods were successful in identifying monoamine-containing 
neurons and their projections. However, the catecholamin- 
ergic system was better visualized than the 5-HT-containing 
system, and, among catecholaminergic systems, the nora¬ 
drenergic component could not be clearly distinguished 
from the dopaminergic one. 

During the 1980s, immunohistochemical methods were 
introduced by using antisera raised against synthesizing 
enzymes of catecholamines [46] and, finally, directly against 
each of monoamine transmitters: serotonin (5-HT), nora¬ 
drenaline (NA), and dopamine (DA) [47]. In the past 
decade or so, chemically identified projections of 
monoaminergic systems have been studied by combining 
the retrograde transport of HRP with immunohistochemical 
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methods using, for example, the synthesizing enzyme of 
catecholamines, the tyrosine hydroxylase (TH). These data 
are reported in Chapter 3. 

The cholinergic systems could be formally identified 
during the 1980s with the production of monoclonal anti¬ 
bodies reactive to choline acetyl transferase, the synthetic 
enzyme of acetylcholine (ACh), a highly specific marker 
for cholinergic neurons and fibers. The ascending projec¬ 
tions of the brainstem reticular formation have long been 
hypothesized to be cholinergic on the basis of the trajecto¬ 
ries of fibers containing AChE [48], the degradative 
enzyme of ACh. Since the documentation of AChE-stained 
projections was usually based on diagrams or on coronal 
sections that preclude a satisfactory evaluation of ascend¬ 
ing brainstem pathways, a new perspective was recently 
provided by employing a three-dimensional photographic 
characterization of the dorsal tegmental pathway that orig¬ 
inates in the midbrain and pontine reticular core [49]. 

There is a specificity problem related with the use of 
AChE histochemistry as a marker of cholinergic elements. 
For example, the ventral tegmental component of the 
ascending brainstem pathway, originally described as 
cholinergic, is now known to arise mainly from dopamin¬ 
ergic neurons [50]. Nonetheless, studies in different brain 
regions emphasize the similarities between the results 
obtained by means of AChE histochemistry and those 
employing monoclonal antibodies to ChAT. Thus, studies 
comparing AChE histochemistry with ChAT immunohis- 
tochemistry revealed that intense AChE staining of neu¬ 
rons in some cerebral structures, such as the neostriatum 
and the basal forebrain, can be reliably used for identify¬ 
ing cholinergic elements [51]. Also, the pattern of AChE- 
staining in the thalamus [31, 52] (Fig. 2.5) is generally 
similar to the distribution of ChAT-immunoreactive fibers 
[53]. Despite these similarities, it is accepted that the cor¬ 
respondence between the two methods is not complete. 

The most reliable results concerning the identification 
of basal forebrain and brainstem cholinergic cell-groups 
have been obtained with ChAT immunohistochemistry [54]. 
The various brainstem reticular cholinergic cell-groups and 
their efferent connections to the thalamus and the basal 
forebrain have been investigated by combining the retro¬ 
grade transport of HRP or fluorescent tracers with ChAT 
immunohistochemistry. The combined ChAT + HRP tech¬ 
nique reveals three types of elements: simple HRP-positive 
cells with small blue HRP granules in both perikarya and 
dendrites; simple ChAT-positive cells displaying a diffuse 
light-brown immunostaining throughout the cell body and 
its processes; and double-labeled neurons containing both 
retrogradely transported HRP and ChAT (Fig. 2.6). The first 
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Figure 2.5. Distribution of acetylcholinestarase (AChE) activity in thalamic nuclei in the cat and macaque 
monkey. Staining according to Gomori’s technique. Four levels rostral to caudal (A-D) in cat and two levels 
(A and B) in monkey. Horizontal bar indicates mm. AD-AM-AV, anterodorsal-anteromedial-anteroventral 
thalamic nuclei; CL and CM, central lateral and centrum medianum thalamic nuclei; IC, internal capsule; 
F, fornix; HL, LG, LP, lateral habenula, lateral geniculate, lateral posterior thalamic nuclei; MM, medial 
mammillary nucleus; MTB, mammillothalamic bundle; OT, optic tract; PC, paracentral thalamic nucleus; 
PP, pes pedunculi; RE, reticular thalamic nucleus; RFB, retroflex bundle; SLIB, subthalamic nucleus; VA, VB, 
VL, ZI, ventroanterior, ventrobasal, ventrolateral, zona incerta thalamic nuclei. From Steriade etal (1988). 


study used large injections of HRP in the thalamus of 
rat [55]. Two subsequent studies on rat used more localized 
injections of fluorescent [56] or HRP [57] tracers into 
various thalamic nuclei. Finally, ChAT immunoreactivity 


[55] Sofroniew et al 
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[56] Woolf and Butcher 
(1986). 

[57] Hailanger etal (1987). 



[58] Pare etal. (1988). 

[59] Mitani et al (1988d). 


[60] Smith et al (1988). 


[61 ] DeLima and Singer 
(1987). 


combined with WGA-HRP retrograde transport has been 
used to demonstrate that brainstem cholinergic neurons 
project to virtually all sensory and motor, associational, 
intralaminar, and reticular [58] thalamic nuclei of cat, and 
to major associational thalamic nuclei of macaque monkey 
[31], as well as to the pontine reticular formation [59]. Two 
studies have been focused on the visual thalamus of cat, one 
of them dealing with all (lateral geniculate, lateral posterior, 
and perigeniculate) sectors [60], the other one providing 
the first detailed comparative analysis of brainstem choliner¬ 
gic and monoaminergic projections to the lateral geniculate 
nucleus [61]. The results of these studies are reported in 
Chapter 3. 




Figure 2.6. Retrograde labeling of cholinergic and noncholinergic neurons in mesopontine nuclei after 
injections of wheat-germ-agglutinin (WGA)—horseradish peroxidase (HRP) in thalamic nuclei. A, injec¬ 
tions of WGA-HRP in thalamic ventroposterior (left) and perigeniculate (reticular) (right) nuclei. 
B, examples of three types of cells labeled after thalamic injection of WGA-HRP. C, choline-ace tyltrans- 
ferase (ChAT)-positive cell (open arrow) ; and double-labeled neurons (-»); horizontal bar, mm. Modified 
after Steriade et al (1988) and Smith et al (1988). See also color plate 1. 
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Immunoreactivity for somatostatin, substance P, 
cholecistokinin, and other peptides was demonstrated in a 
series of brain structures, from the spinal cord up to the 
cerebral cortex [62]. The presence of substance P and 
other peptides was also described in brainstem cholinergic 
neurons with ascending projections [63]. In the thalamus, 
the somatostatin-like immunoreactivity was first shown in 
reticular neurons [64], colocalized with GAD immunore¬ 
activity in the same elements [65]. Immunoreactivity for 
all above mentioned peptides was recently demonstrated 
especially in the intralaminar and reticular thalamic nuclei 
[66]. The combination of staining for cytochrome oxidase 
and immunostaining for calcium-binding proteins was 
used to group various thalamic nuclei [67]. 

Immunohistochemical studies also demonstrated the 
heterogeneity of brainstem reticular and thalamic nuclei as 
well as cellular populations in the cerebral cortex. For 
example, the dorsal raphe nucleus of monkey contains, in 
addition to 5-HT neurons, cells displaying immunoreactivity 
for GABA, TH, substance P, and different calcium-binding 
proteins [68]. Differential distribution of calcium-binding 
proteins has been found in the human thalamus [69, 70]. 


2.2. Electrophysiological Methods 

As discussed in the previous chapter, EEG patterns 
reliably distinguish slow-wave sleep from both brain-active 
states, waking and REM sleep. The global EEG activity is 
constantly used in animal experiments and human studies 
to ascertain the level of vigilance. The pioneering descrip¬ 
tions of variation in brain electrical activity when animals 
passed from a state of vigilance to another, which have 
been made in the second half of the 19th century by the 
British physician and physiologist Richard Caton and by a 
series of Polish and Russian physiologists, as well as Hans 
Berger's observations, during the 1930s, on alpha and beta 
waves recorded from the human scalp, have been reviewed 
elsewhere [71 ]. The neuronal substrates of the EEG began 
to be investigated intracellularly in the 1960s [72]. During 
the past 15 years, the EEG correlates of sleep rhythms dur¬ 
ing waking and sleep states have been studied by combin¬ 
ing single and dual intracellular recordings with multisite 
extracellular recordings from cortex and thalamus in vivo. 
The ionic conductances and receptors implicated in the 
synaptic mechanisms of different oscillatory types have 
been explored in vitro. The results of these recent studies 
are dealt with extensively in Chapter 7. 
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Magnetoencephalography (MEG) was introduced in 
the late 1960s and is now used to investigate spontaneous 
and evoked activities during wake and different sleep 
stages in humans [73]. MEG is reference-free and picks up 
the magnetic fields without direct contact of the sensor 
with the scalp, thus being less distorted than scalp- 
recorded potentials [74]. 

Local field potentials, occurring spontaneously or 
evoked by stimuli applied to afferent pathways, can be 
recorded in all central relay stations as well as in bulk of 
axons. In closed fields, such as dorsal thalamic nuclei or 
nuclei of the amygdala complex, the negative field waves 
reflect summated excitation of neighboring neurons. 
Central stimuli are abnormally synchronous but have the 
advantage of avoiding multiple intercalated synaptic 
relays. Thus, with stimuli applied to the white matter, just 
beneath the explored cortical area, alterations undergone 
by peripheral stimuli at the thalamic level are avoided 
[75]. Also, with pulses applied to the cerebellothalamic 
pathway, the magnitude of the afferent volley to the thala¬ 
mus, reflected in the presynaptic deflection of the evoked 
potential, is monitored and it is possible to determine the 
fluctuations of the postsynaptic component, generated 
within the thalamus, during waking and sleep states in 
chronically implanted animals. Figure 2.7A shows that, 
during the transition between the wake and sleep states, in 
drowsiness, when spindle waves already appear in the EEG, 
the postsynaptic negative component of field potentials 
recorded from the motor thalamus (termed relayed, r), is 
selectively diminished and later, during full-blown slow- 
wave sleep, completely obliterated, whereas the positive 
presynaptic deflection (termed tract, t) is not changed. 
This demonstrates that the first relay station where significant 
changes appear with transition from waking to sleep is the thala¬ 
mus. That the negativities of field potentials reflect excita¬ 
tion in a group of neurons is shown by the presence of 
superimposed action potentials of single cells or multiple 
units recorded in conjunction with the focal waves 
(Fig. 2.7B) [76]. Different components of pyramidal tract 
responses generated by thalamus or direct stimulation of 
motor cortex, and their alterations during brainstem 
reticular-induced arousal, can also be recorded using 
field potentials recorded from the bulk of corticospinal 
axons (Fig. 2.7C) [77]. 

Event-related potentials (ERPs) are field potentials 
evoked by different types of sensory stimuli, consisting of a 
series of waves, and usually recorded from scalp in 
humans. Because of their very small amplitudes, ERPs are 
usually averaged. The early components of ERPs in the 
somatosensory and other systems are stable under a variety 
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Figure 2.7. Local field potentials from central relay stations and fiber tracts, and their alterations during 
natural states of vigilance or arousal elicited by stimulation of midbrain reticular formation. A, blockade 
of synaptic transmission through the thalamus from the very onset of sleep (drowsiness). Field potentials 
(superimposed traces) were recorded from the thalamic ventrolateral (VL) nucleus and were evoked by 
stimulation of cerebellothalamic axons. Note progressively diminished amplitude of monosynaptically 
relayed (r) wave during drowsiness, up to complete disappearance during sleep, in spite of lack of 
changes in the amplitude of the afferent (presynaptic) volley monitored by the tract (t) component. 
B, relationship between unit discharges and fast focal oscillations in lateral amygdaloid nucleus of cat. 
Peri-event histogram of neuronal discharges (1-ms bin) using the negative peak of fast (gamma) waves as 
time zero. C, field potential recordings from pyramidal tract (PT) in the medulla of encephale isole cat. 
Direct (D) and relayed (R) or indirect (I) waves in PT are obtained by stimulating the thalamic VL 
nucleus (Cl) or motor cortex (C2). Note suppression or reduction of synaptically relayed waves in the 
motor cortex under stimulation of midbrain reticular formation (RF) eliciting EEC activation. Modified 
from Steriade (1991, A), Pare et al (2002, B) and Steriade et al (1969, C). 


of manipulations. The late components, especially PI 00 
(positive at the scalp, with a latency of 100 ms) and P300 
are modified by attention [78]. 

Extracellular recordings of single neurons during 
sleep, conditioning, motor performances and attentive fix¬ 
ation have been used since the 1960s [79]. More recently, 
the neuronal mechanisms of natural waking and sleep 
states have been explored using intracellular recordings 
from spinal cord motoneurons [80], pontine reticular 
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In that study of thalamic 
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neurons [81], thalamocortical neurons [82], and pyramidal 
and local-circuit neurons in neocortex [83]. 

Several criteria should be met by any cellular study on 
states of vigilance. One of the most important, even in 
those cases in which intracellular staining is possible, is the 
identification of input-output organization of recorded 
neurons by antidromic and orthodromic responses. This is 
important in studies conducted on forebrain neurons, but 
especially in investigations on brainstem reticular neurons 
that behave differently when they project to oculomotor 
nuclei and spinal cord, or to rostral structures as part of 
ascending activating systems. In an extracellular position, 
antidromic responses are differentiated from synaptic 
ones by fixed latency, collision with spontaneous and/or 
evoked action potentials at proper time intervals, and 
faithful following of high-frequency stimuli. With intra¬ 
cellular recordings, antidromic responses start directly 
from the baseline and are abolished by hyperpolarization 
(Fig. 2.8). Changes in probability and pattern of anti¬ 
dromic responses during waking and sleep states can be 
studied even in the absence of intracellular recordings. 
In particular, the delay between the initial segment (IS) 
and SD spikes of these response and the appearance of 
IS spikes in isolation are indicative of neuronal hyperpo¬ 
larization [84], appear during slow-wave sleep and dis¬ 
appear with neuronal depolarization upon awakening [85] 
(see Chapter 9). It is very useful that, contrary to the habit 
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-72 mV -86 mV 


Figure 2.8. Antidromic and orthodromic responses of neocortical neurons. Intracellular recordings 
from area 7 in cat under urethane anesthesia. Left, cell recorded at 1.3 mm, antidromically activated at 
a membrane potential of —65 mV from thalamic lateroposterior nucleus (latency, 4.3 ms), using one or 
three stimuli. Under steady hyperpolarization (—72 mV), absence of antidromic response and appear¬ 
ance of excitatory postsynaptic potential (EPSP). Right, cell recorded at 0.5 mm in area 7, backfired from 
the contralateral cortex (latency 1.5 ms) at a membrane potential of —60 mV; absence of antidromic 
responses and appearance of EPSP at a more negative membrane potential ( — 86 mV). Modified from 
Steriade etal (1993e). 
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Figure 2.9. Specific features of augmenting responses in different cortical areas. Cat under 
ketamine-xylazine anesthesia. Triple (simultaneous) intracellular recording from area 4 (cell 1, upper 
trace) and area 7 (cells 2 and 3, middle and bottom traces). Stimulation of rostral intralaminar centrolat- 
eral (CL) thalamic nucleus with a pulse-train at 10 Hz (stimuli marked by arrowheads). Responses of 
cell 2 were investigated at three levels of membrane potential (upper right; asterisks indicate the artifacts 
of capacitive coupling among the three neurons). Average responses (n = 5) show that clear-cut 
augmenting responses only in cell 1. Discrete augmentation in cell 2 occurred largely under hyperpolar¬ 
ization. Cell 3 displayed a decremental response. Note early IPSP in cell 2, under slight depolarization 
(upper right panel). From Steriade and Timofeev (2001). 


of filtering slow waves, extracellular recordings contain 
together unit discharges and focal field potentials, which 
provide information regarding the correspondence 
between the activity of single neurons and those of neigh¬ 
boring neuronal pools (see Fig. 2.7B). Extracellular unit 
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Figure 2.10. Activation of the human midbrain reticular formation and (upper panel) and thalamic 
intralaminar nuclei (bottom panel) by increased attentional demands in reaction-time tasks. The 
regional cerebral blood was measured by PET in 10 normal volunteers at rest and when they were 
engaged in two difficult and attention-demanding somatosensory and visual reaction-time tasks. 
The yellow and red colors indicate the areas of overlap between significant activation in the different 
conditions. Modified from Kinomura et al (1996). See also color plate 2. 


recordings can be combined with microdialysis in behav¬ 
ing animals to investigate the role of various neurotrans- 
[86] Thakkar et al (1998). mitters during states of vigilance [86]. 

During the past decade, dual intracellular recordings 
in vivo , from neocortical neurons, from related neocorti- 
cal and thalamic neurons, and from neocortical neurons 
and glial cells, in conjunction with multisite recordings of 
extracellular unit activities and field potentials, have been 
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used in anesthetized animals to investigate brain rhythms 
during EEG-synchronized states, mimicking natural slow- 
wave sleep, as well as plasticity processes occurring during, 
and outlasting, sleep spindles and other oscillatory types 
[87] (see Chapters 7-8). Triple intracellular recordings 
have been used to analyze the propagation of evoked activ¬ 
ities in cortical slabs in vivo and to study different patterns 
of augmenting responses, which constitute an experimen¬ 
tal model of sleep spindles [88] (Fig. 2.9). Hopefully, dual 
and triple intracellular recordings will be attempted in the 
future in naturally awake and sleeping animals. For analy¬ 
sis of single-axon excitatory postsynaptic potentials 
(EPSPs) and inhibitory postsynaptic potentials (IPSPs), 
connections onto various neuronal classes and their synap¬ 
tic strength, and different receptor types, dual, triple and 
quadruple intracellular recordings have been obtained in 
slices maintained in vitro [89]. 


2.3, Noninvasive Techniques 

Noninvasive mapping of brain structures, such as 
positron emission tomography (PET) to image the 
2-deoxyglucose metabolism and magnetic resonance 
imaging (MRI), are used in humans and nonhuman pri¬ 
mates to localize regions of increased activity during 
waking-sleep cycle, sensory processing, and cognitive 
tasks [90]. PET studies have reported that, contrary to the 
common assumption that slow-wave sleep is accompanied 
by a global reduction in brain metabolism, the regional 
cerebral blood flow (rCBF) is lowest during this sleep stage 
in the brainstem core, medial thalamus, and orbitofrontal, 
prefrontal, and anterior cingulate cortical areas [91]. Also, 
a PET study showed activation of upper mesencephalic 
reticular formation and rostral intralaminar thalamic 
nuclei in attentive processes of humans [92] (Fig. 2.10). 
As attention processes are impaired after inactivation of 
thalamic pulvinar nucleus, it is thought that the attention 
deficits occurring after thalamic inactivation is due to the 
removal of thalamocortical excitatory inputs [93]. MRI 
can be combined in humans with MEG and ERPs. 
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Afferent and Efferent Connections 
of Brainstem and Forebrain 
Modulatory Systems 


We now discuss the inputs and outputs of brainstem reticular 
(RE) and forebrain modulatory systems, as revealed by 
morphological and electrophysiological studies. Since 
neurons in the classical brainstem reticular fields (either 
identified immunohistochemically as cholinergic, or using 
different monoamines) have morphological and func¬ 
tional characteristics, these two groups of elements will be 
dealt with separately Cholinergic nuclei of various species 
also contain a minority of monoaminergic cells and some 
monoaminergic nuclei possess a certain amount of cholin¬ 
ergic cells. For example, the parabrachial nucleus (i.e., the 
caudal part of the neuronal group that surrounds the 
brachium conjunctivum) contains both cholinergic and 
aminergic neurons. Moreover, although the emphasis 
was placed since the 1980s on cholinergic or monoamine- 
containing neurons, in order to specify systems within 
a structure prior viewed as “nonspecific,” noncholinergic 
neurons are much more numerous than cholinergic ones 
in the brainstem reticular core and most of them, especially 
large-sized ones, are glutamatergic. In the upper midbrain 
reticular formation, where there are virtually no choliner¬ 
gic neurons, cells with antidromically identified projec¬ 
tions to the thalamus display precursor signs of increased 
activity with shifts from slow-wave sleep to either wakeful¬ 
ness or REM sleep (see Chapter 10) and are regarded as 
crucial for changing the state of vigilance toward brain 
activation. Some of glutamate-induced excitatory actions 
consist in depolarization and increased input resistance of 
thalamocortical neurons, similarly to the effects exerted by 
acetylcholine (ACh), as both these neurotransmitters block 
a “leak” K + current (see Chapter 6). The role of glutamater¬ 
gic midbrain and medullary neurons is also important in 
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maintaining mesopontine cholinergic pedunculopontine 
and laterodorsal tegmental (PPT/LDT) neurons in a sus¬ 
tained excitatory state even during waking, when mono- 
aminergic neurons are active and exert an inhibitory tone 
upon them (see Chapters 6 and 10). 

Section 3.1 will discuss extrabrainstem and intrabrain¬ 
stem (reticuloreticular) sources of cholinergic nuclei as 
well as classical reticular formation fields (noncholinergic, 
presumably glutamatergic), which are treated together in 
view of the functional considerations exposed above. 
Sections 3.2 and 3.3 will discuss the afferents of brainstem 
and posterior hypothalamic monoaminergic nuclei, and 
the afferents to the basal forebrain cholinergic nuclei. The 
last sections in this chapter (Sections 3.4 to 3.6) will discuss 
the projections of different brainstem and basal forebrain 
cellular aggregates. 


3.1. Afferents to Brainstem Cholinergic 
Nuclei and Classical Reticular 
Formation Fields 

3.1.1. Systematization of Cholinergic 
Nuclei and Nuclei With Unidentified 
Neuro transmitters 

We first analyze the cholinergic cell-groups in the 
brainstem reticular formation. The nuclear groups of 
choline acetyl transferase (ChAT)—positive neurons in the 
upper brainstem core. The brainstem (as well as basal fore¬ 
brain; see Section 3.3) nuclear systematization and cytoar- 
chitecture described below derives from studies using 
ChAT immunoreactivity in rat, cat, and macaque monkey 
[1]. Other studies have studied the interdigitation of 
cholinergic with catecholamine neurons in rat and cat [2]. 

The nomenclature proposed by Mesulam and his 
colleagues [1], with subsequent additions made by the 
same group [3], is adopted here to designate brain¬ 
stem core cholinergic nuclei. We describe in more detail 
cholinergic groups whose neurons are implicated in the 
genesis of wake-sleep states and in the regulation of state- 
dependent processes of sensory-motor integration. 


3.1.1.1. Brainstem Cholinergic Nuclei 

The two brainstem cholinergic cell-groups, Ch5 and 
Ch6, extend from the caudal part of the midbrain to the 
rostral pons. The Ch5 group is located within the central 
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tegmental field (FTC) of the caudal midbrain. In rat, 
many authors include it within, or simply term it, pedun¬ 
culopontine tegmental nucleus (PPT). The PPT was first 
described in human material, and thereafter in other pri¬ 
mates. It consists of medium- to large-sized, darkly stained 
neurons that appear from the decussation of brachii con- 
junctivi rostrally to the level of locus coeruleus (LC) and 
subcoeruleus caudally. The PPT is not a cytoarchitecturally 
distinct cell-group in the cat [4] and its close association 
with the brachium conjunctivum should be emphasized. 
We will use interchangeably the term PPT or the des¬ 
criptive term of peribrachial (PB) area, part of the PPT 
nucleus, for the cat Ch5 group. The PB area should not be 
confused with the parabrachial nucleus that is an elongated 
nuclear mass located more caudally in the brainstem and 
characteristically aligned lateral to the caudal portion of 
brachium conjunctivum. These distinctions should be 
kept in mind in our discussion of the cytoarchitecture and 
cytochemistry of PPT While the PPT is one of the major 
sources of generalized projections to virtually all (specific 
relay, associational, intralaminar, and reticular) thalamic 
nuclei (see Section 3.4) and to pontine and bulbar reticular 
formation, the parabrachial nucleus is mainly specialized in 
relaying taste and visceral information to the forebrain. 

In cat, PPT neurons are medium-sized (soma surface 
400-600 [Jim 2 ), fusiform or polygonal in shape. A detailed 
analysis in rat [5] showed that, in Nissl-stained sections, 
the rostral third of the PPT nucleus consists of medium- to 
large-sized neurons, the middle third consists of smaller 
neurons, and the caudal third has a dense cell-group that 
corresponds to the PPT-pars compacta described in several 
investigations on rat [6]. The comparative analysis of Nissl- 
stained and ChAT-positive neurons reached the conclu¬ 
sion that the large multipolar neurons in the rat PPT 
nucleus, as they appear on Nissl-stained sections, are 
entirely cholinergic neurons [5]. In fact, immunoreactive 
cholinergic neurons are larger than immunonegative 
neurons by an average of 40% [7]. Intracellular staining 
neurons in the cholinergic laterodorsal tegemental (LDT) 
nucleus of guinea pig revealed that the somata of these 
neurons is relatively large (~25-30 [Jim) and gives rise 
to an average of ~5 dendrites [8]. The average number 
of cholinergic cells in the PPT/LDT nuclei of humans 
is ~20,000, with 30% of cells in the pars compacta of the 
PPT nucleus [9]. In addition to the population of medium- 
to large-sized cholinergic neurons, the rat PPT contains 
smaller noncholinergic perikarya, some of them GABAergic 
[10], intermingled with the cholinergic ones. 

The admixture of cholinergic, noradrenergic, and sero¬ 
tonergic neurons in the PPT/LDT nuclei was investigated 
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in cat, rat, and guinea pig, using ChAT, tyrosine hydroxylase 
(TH), and 5-HT immunohistochemical techniques on the 
same or adjacent sections [2, 5, 11]. In cat, ChAT + and 
TH + cells in the PPT area are morphologically similar and 
both are medium in size. At rostral PPT levels (frontal 
planes anterior 2 to 0), there are very few TH + neurons. 
Significant percentages of TH + neurons appear at more 
caudal levels of the PPT (Fig. 3.1). Within the parabrachial 
nucleus, TH + neurons are as numerous as ChAT + neu¬ 
rons. In rat, the rostral pole of the PPT cell-group is 
distinct from the TH + cells belonging to the substantia 
nigra (SN) and retrorubral field (RRF) (respectively A9 
and A8 groups of monoamine-containing neurons), but 
the dendritic arbors of PPT neurons overlap with those of 
the most caudal SN cells. In the middle part of the PPT, its 
medial aspect is traversed by TH + ascending axons. And in 
the caudal third of the PPT, ChAT + neurons are admixed 
with TH + perikarya extending from the rostral pole of 
the LC [5]. Thus, it seems that both in cat and rat a signifi¬ 
cant population of TH + neurons only appears within the 
caudal third of PPT. 

In both cat and rat, the caudal part of the PPT merges 
dorsomedially into the Ch6 group (LDT), embedded in 
the periaqueductal—periventricular gray (Fig. 3.2). In cat, 
the cholinergic LDT neurons are similar in size to PPT 
neurons, but more roundish in shape. As in the rostral 
part of the PPT area, the number of ChAT + positive 
neurons by far exceeds that of TH + neurons in the LDT 
nucleus [2]. 

Approximately 15% to 30% of rat PPT and LDT 
cholinergic neurons also display substance P, corticotropin¬ 
releasing factor (CRF), bombesine/gastrin-releasing 
peptide, and atriopeptin-like immunoreactivity [12]. Many 
of PPT and LDT cholinergic cells also display intense 
nicotinamide-adenine-dinucleotide-phosphate (NADPH)- 
diaphorase activity in double-staining experiments. The 
functional significance of ChAT and neuropeptides colo¬ 
calizations is still obscure. As cholinergic neurons in 
Ch5-Ch6 cell-groups are strongly implicated in processes 
of thalamocortical activation (see Chapter 9), it may be of 
interest to mention that bombesine and CRF can produce 
EEG and/or behavioral signs of arousal [13]. 

In addition to Ch5-Ch6 groups, virtually all neurons 
in the parabigeminal (PBG) nucleus, located at the 
extreme lateral part of the midbrain tegmentum, are 
cholinergic. The PBG nucleus was designated as Ch8 in 
experiments on mouse [3] and was also identified as 
a cholinergic nucleus in the cat [14]. PBG projects to 
the superior colliculus (SC) and to lamina C of the 
lateral geniculate (LG) thalamic nucleus [15]. WGA-HRP 


[11] Leonard etal 
(1995a). 


[12] Vincent et al (1983, 
1986); Saper et al (1985); 
Standaert et al (1986). 


[13] Sutton etal. (1982); 
Ehlers etal (1983); Rasler 
(1984). 


[14] Smith et al (1988). 

[15] Graybiel (1978b); 
Hughes and Mullikin 
(1984). 




Figure 3.1. Distribution of ChAT-positive (filled approximate 1-mm intervals. The respective stereo¬ 
circles) and TH-positive (open circles) neurons taxic levels and most neuroanatomical labels con- 
through the upper and middle brainstem of cat, form to those of the cat brainstem atlas of Berman 
represented upon schematic drawings of sections at (1968). Modified after Jones and Beaudet (1987a). 
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Figure 3.2. Features of retrograde ceil labeling in brainstem peribrachial (PB) area of the PPT nucleus 
and laterodorsal tegmental (LDT) nucleus after a WGA-HRP injection into the mediodorsal (MD) 
thalamic nucleus in the cat. Arrow in A points to the same blood vessel as indicated in the enlarged 
photograph in B. C is an adjacent more posterior section. Abbreviations: BC, brachium conjunctivum; 
5M, mesencephalic nucleus of the 5th nerve; V4, fourth ventricle. From Steriade etal (1988). 


retrograde tracing combined with ChAT immunoreactivity 
revealed that cholinergic neurons are the sources of the 
PBG-tectal [3] and PBG-geniculate [14] projections. 

The complex arrangements of neurons and fibers in 
the mesopontine reticular core challenge prior views that 
assumed that the effects induced upon thalamocortical 
systems are simply cholinergic in nature. First, in most 
electrophysiological experiments conducted during the 




1960s-1970s, stimulation was applied in the rostral 
midbrain core where there are virtually no cholinergic 
perikarya. In those cases, stimulation was applied, at best, 
to the axons arising in cholinergic neurons located more 
caudally, at the mesopontine junction. While substance 
P-containing and histaminergic neurons have been identi¬ 
fied in some territories of the rostral mesencephalon, the 
transmitter(s) of most upper midbrain reticular neurons 
remain largely unknown, although glutamate is the most 
probable candidate. Second, even when stimuli are 
applied in more recent studies within the PB (or PPT) 
area, it must be acknowledged that this cholinergic terri¬ 
tory also contains a certain amount of TH + neurons and 
that it is traversed by catecholaminergic axons issuing 
from LC. As discussed in Chapter 6, ACh and norepineph¬ 
rine (NE) similarly exert depolarizing actions on some 
thalamic neurons studied in vitro . Muscarinic and nicotinic 
blockers can ascertain the cholinergic nature of the phe¬ 
nomena, but, with some happy exceptions (see Chapter 
9), the synaptic effects elicited by rostral brainstem reticu¬ 
lar stimulation in vivo are rarely entirely blocked by one or 
the other of cholinergic blockers. In those cases, the colo¬ 
calization of peptides in cholinergic neurons may be the 
factor that accounts for the observed failure of blockage. 
The physiological actions of various peptides whose colo¬ 
calization was described in immunohistochemical studies 
of brainstem cholinergic neurons are almost completely 
unknown. Lastly, in any study conducted on the deep layer 
C of the cat’s LG neurons, the cholinergic effects elicited 
by PPT stimulation may be due to costimulation of fibers 
arising in the PBG (Ch8) nucleus. 

3.1.1.2. Brainstem Reticular Nuclei With 
Unidentified Transmitters 

The principal nuclei of the midbrain, pontine, and 
bulbar reticular formation, other than the recently identi¬ 
fied cholinergic groups at the midbrain-pontine junction, 
have been described since the 1950s on the basis of Nissl- 
stained preparations (see Chapter 2). Some terminologi¬ 
cal differences arose from various authors’ preferences 
to use nuclear designations according to neuronal size 
(parvo-(PC), magno-(MC), and gigantocellular (GC)) or 
to their position on the brainstem map (dorsal, ventral, 
rostral, caudal). 

At rostral (perirubral) levels, the midbrain reticular 
[16] Berman (1968). core is termed the FTC [16]. The FTC is a large territory 

extending between the SN and the deep layers of the SC. 
Many authors consider the large neurons of the deep SC 
layers as more closely related to the reticular formation 
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than to the SC, because of their isodendritic patterns and 
heterogeneity of sensory inputs [17]. The FTC cells of the 
cat are prevalendy small-sized (soma surface 200-400 pm 2 ). 
This fits in with their slow axonal conduction velocities, as 
determined by antidromic invasion of FTC neurons from 
intralaminar thalamic nuclei and zona incerta (ZI) [18]. 
Caudally to the red nucleus, the ventral border of FTC is 
contiguous with the RRF, occupied in part by the cate¬ 
cholamine group A8. It should be emphasized that, at least 
in the cat, the FTC territory, located dorsally to the RRF, 
does not contain catecholaminergic neurons [19]. The 
distinction between FTC and RRF also results from their 
different connections. The rostral part of the FTC essen¬ 
tially projects to the thalamus (mediodorsal (MD), 
intralaminar, and ZI nuclei), while RRF projections are 
directed to the head of the caudate nucleus [20], More 
caudally, at the level of the trochlear nucleus, the choliner¬ 
gic PB (PPT) nucleus appears in the lateral part of the 
FTC, around the brachium conjunctivum. The cuneiform 
nucleus can be regarded as a dorsal extension of the FTC. 
It appears at the caudal pole of the trochlear nucleus and 
its relations are the inferior colliculus dorsally, the nucleus 
sagulum and dorsal nucleus of the lateral lemniscus laterally, 
and the PPT area ventrally. 

The transmitter (s) of FTC neurons are largely 
unknown. Some studies report a number of substance 
P-containing neurons in nucleus cuneiformis [21] and his- 
taminergic neurons located more ventrally in the midbrain 
reticular formation [22]. The elucidation of transmitter (s) 
used by the great number of neurons in the huge territory 
of the rostral mesencephalic reticular formation is a mat¬ 
ter of future investigations. It may be predicted that the 
major transmitter of thalamically projecting rostral mid¬ 
brain reticular neurons will be found to be an excitatory 
substance since, as discussed in Section 3.4 and Chapter 9, 
the effect of stimulating that midbrain region (after 
chronic degeneration of passing fibers) is a monosynaptic 
excitation of thalamocortical neurons. 

The continuation of the midbrain FTC in the pontine 
tegmentum was termed paralemniscal tegmental field 
(FTP) in the atlas on cat brainstem [16]. The FTP might 
be differentiated from the Pc FTC by the presence of scat¬ 
tered medium-sized, and very few large-sized, neurons. 
The FTP occupies the largest part of the rostral pontine 
tegmentum and it is replaced more caudally (posterior 
planes 3-4) by a lateral tegmental field (FTL) and a 
paramedian gigantocellular tegmental field (FTG). The 
FTL contains cells of all sizes, well below those of FTG neu¬ 
rons. But FTG is also heterogenous, with giant neurons 
(soma large diameter around 60 p,m) interspersed with 


[ 17] Grofova etal (1978); 
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[18] Steriade (1981). 
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[20] Pare etal. (1988). 
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[22] Brownstein (1975); 
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The medial part of 
reticularis pontis oralis 
(RPO) nucleus contains 
neurons with triangular or 
polygonal somata usually 
ranging between 30 jxm 
and 50 jxm in length, and 
medially directed dendrites 
that occasionally enter the 
nucleus raphe centralis 
superior. The lateral part of 
RPO contains neurons with 
somata between 20 pm and 
80 pm, and dendrites 
coursing laterally and 
frequently intersecting with 
the axons of the lateral 
lemniscus. 

[26] Steriade et al. 

(1984b). 


[27] The early literature 
on this topic was 
comprehensively reviewed 
by Pompeiano (1973). 

[28] Albe-Fessard et al. 
(1974); Maunz etal (1978). 


medium-sized neurons (30-40 pm) and small neurons 
(around 20 pan) [18]. Intracellular HRP staining revealed 
that giant cells of the paramedian pons prevalently project 
to the spinal cord, whereas medium-sized neurons are 
reticuloreticular elements [23]. While not yet formally 
identified, evidence based on antidromic invasion suggests 
that the smaller pontine neurons are those with ascending 
projections to the thalamus [24]. 

The heterogeneity of pontine reticular neurons is the 
reason why some prefer to use the topographical terms 
reticularis pontis oralis (RPO) and reticularis pontis cau- 
dalis (RPC) to designate the nuclei of the pontine reticu¬ 
lar core. The RPO extends from the caudal pole of the 
inferior colliculus to the trigeminal motor nucleus. A 
Golgi analysis of rat RPO distinguished a medial and a lat¬ 
eral part of this nucleus [25]. As to the RPC, it extends cau- 
dally to the rostral pole of facial nucleus where it merges 
with the bulbar reticular core. Whereas the large and giant 
cells of the Me and Gc medullary field are clustered within 
the medial part of the bulbar reticular formation, the same 
type of neurons are fewer in number in the RPC and 
widely scattered throughout this pontine nucleus. 

The bulbar reticular formation consists of three main 
territories: the Gc nucleus in the dorsal paramedian 
region, the Me nucleus in the ventral paramedian zone, 
and the Pc nucleus in the dorsolateral area. These nuclei 
are synonymous with FTG, FTM, and FTL fields [16]. The 
sizes of neurons in various bulbar reticular regions fit in 
with their axonal conduction velocities, the antidromically 
identified Gc neurons having significantly higher conduc¬ 
tion velocities than Me neurons [26]. 


3,1.2. Afferents from Spinal Cord and 
Sensory Cranial Nerves 

Since the first decade of the last century there was 
evidence, based on axonal degeneration and Golgi 
impregnation, that fibers originating in the spinal cord 
end exclusively in the brainstem reticular formation or col¬ 
lateralize within it, while the parent axon ascends further 
to the thalamus. These afferents are probably involved in 
alerting responses to noxious stimuli. We shall discuss only 
data accumulated during the past two decades or so [27], 
There are interspecies differences as to the origin of 
spinoreticular pathways. Electrophysiological studies show 
that, in cat, the spinoreticular tract is mostly crossed 
and originates in laminae VII and VII, that is, in the 
ventral part of the spinal cord [28]. Most of these data 
resulted from antidromic activation of cat spinal neurons 
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by stimulating the bulbar Gc field and the nucleus RPC. 
The median of axonal conduction velocities is around 
45 m/s. Stringent limitations on stimulus intensity and 
failure to activate spinal neurons from more rostral 
(midbrain-diencephalic) sites indicated that the axons of 
those neurons probably end in the lower brainstem reticu¬ 
lar formation and do not ascend to more rostral levels [28]. 

At variance with cat, the spinoreticular axons of rat 
originate in two neuronal groups in the dorsal half of the 
cord: the dorsolateral funiculus nucleus (DLF) and the 
dorsal horn, within or around the nucleus proprius and 
within lamina I [29]. Those neurons were antidromically 
activated mostly from both nuclei RPC and oralis, and 
from the rostral (peribrachial) and caudal (parabrachial) 
regions around the brachium conjunctivum in the mid¬ 
brain reticular formation and at the midbrain-pontine 
junction (Fig. 3.3). These projection sites were corrobo¬ 
rated by the same authors using retrograde tracing experi¬ 
ments following localized HRP injections. The monkey 
spinoreticular projections are more similar to those of rat 
than to those of cat. This similarity also concerns the col¬ 
lateral projections of spinothalamic axons to the brain¬ 
stem reticular core. Indeed, both electrophysiological and 
HRP tracing experiments show that the lumbar spinothal¬ 
amic tract of rat and monkey originates in the dorsal horn 
[30], whereas the source of the same tract of cat is mainly 
found in neurons of the ventral horn, with only some addi¬ 
tional cells in lamina I [31]. In monkey, the collateraliza¬ 
tion of spinothalamic axons toward the brainstem core was 
estimated by multiple stimulation sites and differences in 
antidromic response latencies, and it seems to take place in 
the medullary reticular formation where the branch 
crosses the midline and terminates in the reticular core 
ipsilateral to the soma [32]. 


[29] Menetrey^/ai (1980). 
The rat spinoreticular neu¬ 
rons are heterogenous. The 
dorsolateral funiculus nuc¬ 
leus (DLF) cells project to 
the midbrain or the mid- 
brain-pontine junction with 
slow conduction velocities 
(mean around 3.5 m/s) and 
are driven by stimulation of 
subcutaneous or deep struc¬ 
tures. The dorsal horn cells 
project to both pontine and 
midbrain levels with higher 
conduction velocities 
(mean around 13 m/s), are 
driven by both innocuous 
and noxious stimulation, 
and are submitted to 
descending inhibitory 
influences from the bulbar 
reticular formation and the 
nucleus raphe magnus. 

[30] Giesler et al. (1979). 

[31] Carstens and Trevino 
(1978). 

[32] Giesler etal (1981). 


Figure 3.3. Spinoreticular neurons in rat. A, locations of the active brainstem reticular (RE) sites for 
antidromic activation of spinal neurons. Each dot corresponds to an activated unit. Contralateral (filled 
circles) and ipsilateral (open circles) activations have been separated. The stereotaxic levels of various 
coronal sections are indicated by figures. From rostral to caudal, abbreviations correspond to: colliculus 
superior (CS), colliculus inferior (GIF), cuneiformis area (CU), subcuneiformis area (CUS), subnucleus 
dissipatus (DI), nucleus reticularis pontis oralis (RPO), nucleus reticularis ponds caudalis (RPC), 
nucleus parabrachialis (PB), nucleus reticularis gigantocellularis (RG), nucleus raphe magnus (RM), 
and nucleus paragigantocellularis (RPG). B, criteria for demonstrating antidromic activation (1), anti¬ 
dromic latencies (2), and location of spinoreticular neurons (3). The demonstration of antidromic 
activation is shown in 1. This cell responded to a single reticular shock with a constant latency (upper 
line, 10 superimposed responses) and followed 2 pulses (600 Hz) without any change in latency (3rd 
line, 10 superimposed sweeps). Antidromic spikes were occluded by the presence of orthodromic spikes 
in the critical period (equal to twice the antidromic latency plus one refractory period). Occlusion indi¬ 
cated by arrowheads on 2nd and 4th lines. In 2, top histograms correspond to dorsal horn neurons, bot¬ 
tom histogram to the dorsolateral funiculus cells. In 3, location of 55 spinoreticular cells. Modified from 
Menetrey et al (1980). 
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The response decrement in brainstem reticular neu¬ 
rons to stimuli applied on the body surface at frequencies 
higher than 0.25-0.5 Hz indicates the inability of these neu¬ 
rons to relay efficiently rapidly recurring peripheral volleys 
and was interpreted as a sign of behavioral habituation [33]. 

In addition to transmitting impulses from noxious 
and some nonnoxious receptors to brainstem reticular 
neurons with ascending projections and alerting func¬ 
tions, spinal afferents arising in lamina I innervate the 
brainstem parabrachial nucleus and thus contribute to a 
series of vegetative processes mediated by this nucleus in 
response to nociceptive stimuli. The role of parabrachial 
nucleus in cardiovascular and respiratory reactions has 
been revealed in both rat and cat [34]. Anterograde and 
retrograde HRP tracing showed that neurons of spinal cord 
lamina I project to a series of parabrachial subnuclei [35]. 
So far it is not precisely determined whether lamina I cells 
that give rise to the spinothalamic tract [36] collateralize 
to the brainstem parabrachial nucleus or if there are two 
distinct populations of lamina I neurons with thalamic or 
brainstem projections, as double-labeling experiments 
with fluorescent dyes on cat would suggest [37]. Anyway, 
many spinoparabrachial neurons, that receive afferent ter¬ 
minals immunoreactive to substance P [35], are probably 
the afferent source of cardiovascular and pulmonary reac¬ 
tions mediated by the parabrachial nucleus in response to 
nociceptive stimuli. 

The termination of spinal afferents at the level of the 
medullary and pontine reticular neurons of Gc fields was 
studied at the electron microscopic level [38]. Degenerating 
presynaptic terminals are in contact with both soma and 
dendrites. Some calculations estimated that only one in 
1,000 of presynaptic endings on polydendritic reticular 
neurons is of spinal origin. 

Brainstem reticular neurons are also the targets of 
axons collaterals of sensory cranial (mainly trigeminal, 
vestibular, acoustic, and optic) nerves [39]. One of the 
interposed relay stations through which the optic afferents 
reach the brainstem reticular neurons is the SC from 
which tectoreticular projections originate. Intracellular 
HRP injections have been made in neurons located in the 
intermediate and deep SC layers, with antidromically iden¬ 
tified projections to the rhombencephalon and the spinal 
cord (tectobulbospinal neurons, TBSNs) [40] (Fig. 3.4). 
SC projections to brainstem reticular formation are also 
discussed in conjunction with the oculomotor system in 
Chapter 11. Those studies [40] revealed that TBSNs send 
axonal collaterals to the midbrain reticular territory and 
an ascending branch that could be traced up to the caudal 
diencephalon, in the field of Forel. 


[33] Peterson et al. (1976). 


[34] Fulwiler and Saper 
(1984). 

[35] Cechetto et al (1985). 

[36] Willis et al (1979). 


[37] Panneton and Burton 
(1985). 


[38] Bowsher and 
Westman (1970); Westman 
and Bowsher (1971). 


[39] See Brodal (1957). 


[40] Grantyn and Grantyn 
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Figure 3.4. Electrophysiological identification, somadendritic 
profile, and axonal trajectory of tectobulbospinal neurons 
(TBSNs) in the cat. A, schematic diagram of experimental 
arrangement for antidromic activation of TBSNs. B to D, speci¬ 
men recordings of antidromic spikes to show identification of 
axonal projection into the contralateral predorsal bundle 
(Fpd c ), anterior funiculus (FA,-), and collaterals to perioculo- 
motor zone of the central gray (SGC c ). E, soma, dendrites, and 
axon (a) of a representative TBSN. Complete reconstruction 
from serial sections after intrasomatic HRP injection. F, axonal 
pattern of TBSN labeled by HRP injection into the main axon 


near the dorsal tegmental decussation. Schematic drawing in 
parasagittal plane. INJ, injection site. Solid lines:part of axonal 
tree reconstructed on the basis of HRP staining. Dotted line: 
extension of the main axon into the medulla as demonstrated 
by antidromic response to contralateral predorsal bundle stim¬ 
ulation at point 5 (record 5). Presence of collaterals in the bul¬ 
bar tegmentum proved by antidromic response to stimulation 
at point 3 located 1.7 mm from midline (record 3. threshold 
50 (JiA). 1, 3, 4: first order collaterals of the main axon within 
the mesencephalic reticular (RE) formation. 2: the main 
ascending branch. Modified from Grantyn and Grantyn (1982). 
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Another structure that relays visual and auditory 
impulses in their collateralization to the brainstem reticu¬ 
lar core is the cerebellum. The observations by that 
impulses of retinal and acoustic origin reach certain cere¬ 
bellar areas challenge the Sherringtonian concept that the 
cerebellum is solely the headganglion of the propriocep¬ 
tive system. The distribution of teleceptive responses in the 
cerebellar vermis and the hodology of cerebellopetal 
impulses of visual and auditory origin were reviewed in 
detail [41]. The cerebellofugal projections from vermal 
areas that receive auditory afferents (lobules VI and VII) 
do not reach the secondary areas of the cat auditory cor¬ 
tex through the medial geniculate (MG) thalamic nucleus, 
but through a relay in the upper brainstem reticular for¬ 
mation [42] that probably transmits further the informa¬ 
tion through the intralaminar thalamic nuclei. In those 
early studies, the projections from the vermal cerebellar 
surface to the upper brainstem reticular formation were 
studied by the evoked potential method and the interme¬ 
diate relay in deep cerebellar nuclei was not investigated. 
There is now morphological evidence that the fastigial 
nuclei, which are the obvious candidates for relaying 
impulses from the auditory-visual vermal areas, project to 
the midbrain reticular formation [43]. In addition, deep 
cerebellar nuclei modulate the activity of the deep layers of 
the SC through topographically organized projections [44]. 


3. L 3. Afferents from Diencephalon and 
Telencephalon 

The following sources of descending inputs to the 
rostral brainstem reticular core will be considered, as they 
may be involved in behavioral state control: thalamic 
nuclei, posterior and anterior hypothalamic areas, basal 
forebrain and related structures, and cerebral cortex. 

3.1.3.1. Thalamic Nuclei 

The thalamic projections to the midbrain reticular for¬ 
mation essentially originate in the intralaminar, reticular 
thalamic, and ZI nuclei. These descending projections 
have been revealed by both morphological and antidromic 
invasion techniques. 

Horseradish Peroxidase or WGA-HRP injections in 
the rostral midbrain reticular core or within the limits of 
the cholinergic PPT nucleus led to retrograde labeling of 
neurons in the centromedian-parafascicular (CM-Pf) and 
centrolateral-paracentral (CL-Pc) intralaminar nuclei 
[45]. Neurons in those caudal and rostral components of 
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Another possibility is that 
such thalamobrainstem 
responses merely represent 
axon-reflex activation of 
spinothalamic projections, 
or superior colliculus (sc) 
projections, to intralaminar 
thalamic nuclei. These 
axons may branch and 
collateralize into the 
midbrain reticular core. 
Longer-latency (>10 ms) 
synaptic responses of brain¬ 
stem reticular neurons to 
thalamic 

stimulation may be ascribed 
to circuitous pathways, 
including thalamocortical 
and corticoreticular 
projections. 


the thalamic intralaminar complex can be antidromically 
activated from the midbrain reticular formation, with 
response latencies usually ranging between 1 and 3 ms 
(Fig. 3.5), suggesting axonal conduction velocities around 
3-4 m/s. Such conduction velocities are similar to those 
found in the reciprocal pathway from the midbrain core to 
intralaminar thalamic nuclei [46]. These thalamobrain¬ 
stem pathways may account for the monosynaptic 
responses elicited in midbrain reticular neurons by stimu¬ 
lation of intralaminar or other thalamic territories, 
responses that can faithfully follow 100-Hz volleys [47]. 

Until recently, the projection from the thalamic reticu¬ 
lar nucleus to the upper brainstem core was a matter of 
controversy. In cat and squirrel monkey, this projection was 
described by means of the retrograde transport of HRP and 
fluorescent tracers, and was further substantiated in the 
same study with antidromic responses of reticular neurons 
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Figure 3.5. Antidromic identification of neurons in the lateral area of the posterior hypothalamus, 
centromedian-parafascicular (CM-Pf), centrolateral-paracentral (CL-Pc) and ventromedial (VM) 
thalamic neurons projecting to the midbrain central tegmental field (FTC). Stimulation applied to the 
peribrachial (PB) and more rostral areas in FTC, ipsilateral to the recorded diencephalic neurons. 
Specimen recordings of antidromic responses shown in A (neurons a and b recorded from CM-Pf) and 
B (neuron recorded from VM). Stimuli artifacts indicated by arrows. Histogram of response latencies for 
antidromic responses to various sites of stimulation, as indicated by symbols. Open arrows in B point to 
break between initial segment (IS) and somadendritic (SD) spikes of antidromic responses. Oblique 
arrow in B2 shows collision of antidromic response with a preceding spontaneous discharge. From Pare 
etal (1989). 
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to midbrain reticular stimulation [48] (Fig. 3.6). The very 
long latencies of antidromic responses (median around 
12 ms) suggest that the conduction velocity of reticular 
axons to the midbrain core is about 1 m/s. 

A major diencephalic input to the upper brainstem 
reticular core originates in ZI, a lens-shaped nuclear field 
that continues laterally with the reticular thalamic 
nucleus, with which it shares a common origin from the 
ventral thalamus [49]. The input-output relationships of 
the ZI place it as an integrator of heterogenous messages 
transmitted by spinothalamic, deep cerebellar, brainstem 
RE, hypothalamic, and corticofugal projections. 
Retrograde transport experiments showed that ZI projects 
to the Sc and periaqueductal gray [50] and to the FTC of 
the midbrain reticular core [51]. The projections from ZI 
to the midbrain reticular formation exceed those from the 
reticular thalamic nucleus. The morphological demonstra¬ 
tion of ZI projections to the midbrain reticular formation 
was corroborated by the antidromic invasion of ZI cells, 
the axonal conduction velocities being around 11 m/s 
[51], twice as high as the values found in the reciprocal 
pathway from the midbrain core to the ZI [46]. 

The caudally directed ZI axons may eventually 
synapse with colliculopontine neurons [52] involved in 
eye movement commands, with brainstem reticular neu¬ 
rons projecting to the anterior or lateral funiculi of the 
spinal cord [53] that are involved in phasic and/or pos¬ 
tural events of axial and limb musculature, but also with 
brainstem reticular neurons with ascending axons and 
arousing properties. The probable involvement of these 
projections in motor operations was shown by significantly 
increased firing rates of antidromically identified Zl-brain- 
stem neurons during epochs with waking movements, as 
compared with periods without movements [51]. And a 
large proportion of ZI neurons of monkey were found to be 
activated when the animal reached for objects of interest 
[54]. The speculation may then be advanced that the recip¬ 
rocal pathway between ZI and the upper brainstem reticular 


[48] Parent and Steriade 
(1984). This study was 
conducted in cat. In rat, 
this descending projection 
was disclaimed on the basis 
of negative results of 
retrograde labeling after 
HRP injections in the 
midbrain reticular forma¬ 
tion, with the conclusion 
that interspecies differ¬ 
ences mark the organiza¬ 
tion of reticular projections 
to the brainstem core 
(Berry et al, 1986). The 
same study in the rat also 
reported that ascending 
brainstem RE projections to 
the reticular nucleus are 
extremely sparse or even 
absent (Berry et al, 1986). It 
is now demonstrated that, in 
both cat (Pare et al, 1988) 
and rat (Hallanger etal , 
1987), cholinergic and non- 
cholinergic brainstem retic¬ 
ular projections innervate 
the reticular nucleus (see 
Section 3.4). 

[49] Jones(1985). 

[50] Grofova etal (1978). 

[51] Steriade ^al 
(1982b). 

[52] Edwards (1975). 

[53] Tohyama et al 
(1979a). 


[54] Crutcher et al (1980). 


Figure 3.6. Midbrain reticular (RE) projections of thalamic reticular neurons in squirrel monkey and 
cat. A, schematic drawings illustrating retrograde labeling after injections of fluorescent tracers in squir¬ 
rel monkey. Nuclear Yellow (NY) was injected in ventroanterior-ventrolateral (VA-VL) thalamic com¬ 
plex (panel 1) and Fast Blue (FB) was injected in the peribrachial (PB) area of the midbrain reticular 
formation (MRF; panel 6). Various symbols are indicated in 1. Retrograde labeling of reticular neurons 
projecting to MRF is shown in panels 2 to 5. Note lack of double-labeled neurons in reticular nucleus, as 
compared to a large number of double-labeled neurons in internal part of globus pallidum (GPi; panels 
1-2). B to D, antidromic identification of three different reticular thalamic neurons projecting to MRF in 
the cat. Note fixed latencies, collision with spontaneously occurring (C2) or orthodromically evoked 
(D2) discharges, and faithful following of fast stimuli (B2, C3, and D3). Median and mean of antidromic 
response latencies in a sample of 12 reticular neurons are shown in E. Latencies were measured from the 
middle of the initial phase of stimulus artifact (arrowheads) and initiation of discharge. Modified from 
Parent and Steriade (1984). 
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core is one of the elements that contribute to the attendance 
to relevant stimuli and thus prepare the motor commands. 

3.1.3.2. Hypothalamic Areas 

Massive retrograde labeling is observed in the ventro¬ 
medial (VM) and ventrolateral (VL) parts of the posterior 
hypothalamus of the cat after HRP injections in the rostral 

midbrain reticular formation or, more caudally, in the PB [ 55 ] p ar £ anc i steriade 
area at the midbrain-pontine junction [51, 55] (Fig. 3,7). (1990). 
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[56] Holstege (1987). 


[57] Milner and Pickel 
(1986). 


[58] Chi and Flynn (1971). 


[59] Mizuno et al (1969); 
Morrell et al (1981); 
Swanson etal (1987). 


[60] Kucera and Favrod 
(1979); Stephan et al 
(1981). 

[61] Inouye and 
Kawamura (1979). 

[62] Ibuka etal. (1977); 
Yamoaka (1978). 


The paraventricular hypothalamic nucleus has even more 
widely distributed projections, extending to a series of 
brainstem core nuclei, as well as to the spinal cord [56]. 
The descending projections from the paraventricular and 
lateral hypothalamic nuclei were also traced to the rat 
parabrachial nucleus, and related to the presence of sub¬ 
stance P-like immunoreactivity in axon terminals that form 
asymmetrical synapses with dendrites of parabrachial neu¬ 
rons [57]. The projections from the posterior hypothala¬ 
mus, an area that has been strongly implicated in alertness 
(see Chapter 1), may be related to defense- aggression 
instinctive behavior elicited from the hypothalamus [58] 
and are a possible source of tonic impingement upon mid¬ 
brain reticular neurons involved in the maintenance of thal¬ 
amocortical activation processes (see Chapters 9-10). 

The projections from the anterior hypothalamus to 
the midbrain reticular core arise in the medial and lateral 
parts of the preoptic area [59], The preoptic area is 
hypothesized to be an active sleep-promoting structure 
and to exert this role by an inhibitory influence upon acti¬ 
vating structures located in the posterior hypothalamus 
and the rostral brainstem reticular neurons (see Chapter 
1). Recordings of midbrain neuronal responses to preop¬ 
tic stimuli in the nonanesthetized animal showed direct 
excitatory actions [46], much the same as with the other 
inputs onto brainstem reticular cells. Other afferents origi¬ 
nate in the suprachiasmatic nuclei [60]. Suprachiasmatic 
nuclei display circadian periodicity in action potential gen¬ 
eration [61] and lesions of these hypothalamic nuclei are 
followed by disruption of normally occurring oscillation 
between slow-wave-sleep and REM-sleep states [62]. The 
link between suprachiasmatic nuclei and the brainstem 
oscillator of sleep states is so far not elucidated. 


3.1.3.3. Basal Forebrain and Related Systems 

The basal forebrain consists of a series of structures, 
such as substantia innominata (SI) whose Me elements 
constitute the nucleus basalis (NB) of Meynert, the vertical 
and horizontal branch of diagonal band nuclei (DBv and 


Figure 3.7. Posterior hypothalamic and brainstem core afferents to the peribrachial (PB) area in the cat. 
A to H, eight frontal sections, rostral to caudal. The site of WGA-HRP injection shown in panels E and F. 
Each dot represents one retrogradely labeled neuron. Note, in A-B, retrograde labeling in dorsomedial, 
ventromedial, and lateral areas of the posterior hypothalamus (HDA, VMH, HLA, respectively). 
Retrograde labeling in substantia nigra pars reticulata (SNr) shown in C. Note massive retrograde label¬ 
ing in deep layers of the superior colliculus (SC) and the midbrain central gray and central tegmental 
field, both ipsilaterally and contralaterally to the injection site (D and E). Retrograde labeling also 
seen in the caudal pontine gigantocellular tegmental field (pontine FTG), magnocellular field (FTM), 
and lateral tegmental field (FTL), ipsilaterally and contralaterally (G and H). Horizontal bar indicates 
mm. Modified from Pare et al (1989). 
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DBh, respectively), and the medial septum (see Section 3.3). 
These nuclei contain cholinergic and noncholinergic 
(among them GABAergic) neurons. Recent morphological 
and electrophysiological studies have disclosed reciprocal 
projections between the basal forebrain and the rostral 
brainstem reticular formation as well as monoaminergic 
nuclei. We discuss here the basal forebrain inputs to the 
upper reticular core. As the amygdala nuclear complex 
receives projections from cholinergic and GABAergic basal 
forebrain neurons [63] and, in turn, sends back axons to 
this input source [64], we also mention the projections from 
the amygdala to the rostral reticular core, because such con¬ 
nections may be involved in the organization of some phasic 
events which are characteristic of REM-sleep state. 

The projection from the basal forebrain to the 
brainstem reticular core was disclosed by means of retro¬ 
grade HRP tracing in rat and squirrel monkey [65]. 
Experiments in cat and monkey, combining ChAT immuno- 
histochemistry with the retrograde transport of WHA-HRP 
and retrograde double-labeling method by means of fluores¬ 
cent tracers, determined the amount of cholinergic basal 
forebrain neurons with brainstem projections and the 
degree of collateralization of basal forebrain axons directed 
to the brainstem, thalamus, and cerebral cortex [66]. After 
WGA-HRP injections in the brainstem PB area, numerous 
retrogradely labeled cells were found in the preoptic area, a 
moderate number in SI, and a small number in the VL part 
of the DBh, but only 10% of HRP-positive cells in NB of SI 
were identified as cholinergic. The candidate transmitter of 
the remaining, large majority of basal forebrain neurons 
with brainstem projections is probably GABA, since numer¬ 
ous GABAergic elements are found intermingled with 
cholinergic cells in DB nuclei and in SI of rat and squirrel 
monkey [67]. Electrophysiological studies show that both 
excitatory and inhibitory responses are recorded in pedun- 
culopontine (or PB) neurons after stimulation of the SI 
[68]. The probable transmitter for inhibition is GABA, but 
excitatory responses are not necessarily due to ACh since 
in vitro studies revealed that ACh exerts hyperpolarizing 
actions upon neurons surrounding the brachium conjunc- 
tivum, most of them cholinergic in nature [69]. 

After simultaneous injections of the fluorescent dyes 
Fast Blue (FB) in the brainstem PB area and Nuclear 
Yellow (NY) in the rostrolateral part of the thalamic reticu¬ 
lar nucleus, about 10% of all retrogradely labeled neurons 
in the SI and adjacent structures of the same family con¬ 
tained both FB and NY tracers (Fig. 3.8). Double labeling 
was not however obtained when FB was injected in the PB 
area and NYwas injected either in other thalamic territories 
or in the cerebral cortex. 


[63] Zaborski et al (1986); 
Kitt etal (1987). 

[64] Russchen et al 
(1985). 


[65] Divac (1975).The 
projection from the basal 
forebrain to the brainstem 
reticular core was confirmed 
in rat with the safe method 
of anterogradely trans¬ 
ported lectin PHA-L, and 
was found to terminate in 
and around the peribrachial 
(PB) area of the pedunculo- 
pontine nucleus (Swanson 
et al, 1984) and in the lat- 
ero-dorsal tegmental (LDT) 
nucleus (Satoh and Fibiger, 
1986). The PB and LDT 
nuclei mainly consist of 
cholinergic neurons and are 
termed Ch5 and Ch6 
groups in the nomenclature 
introduced by Mesulam et al 
(1983). 

[66] Parent etal (1988). 

[67] Nagai etal (1983); 
Brashear et al (1986); 

Smith et al (1987). 

[68] Swanson etal (1984). 


[69] Egan and North 
(1986); Leonard and Llinas 
(1990, 1994). 
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Figure 3.8. Basal forebrain neurons with branching axons to the thalamic reticular (RE) nucleus and 
brainstem peribrachial (PB) cholinergic area in the squirrel monkey. Drawings of four transverse sec¬ 
tions through the basal forebrain (1—3) and upper brainstem (4) showing the injection sites and the dis¬ 
tribution of retrogradely labeled cells after injection of the fluorescent tracers Fast Blue (FB) in the PB 
area and Nuclear Yellow (NY) in the rostrolateral sector of the reticular nucleus. The symbols are 
explained in the upper left portion of the figure and the injection sites are illustrated by dark and 
hatched areas. From Parent et at (1988). 

Reciprocal connections also exist between the upper 
[70] Hopkins and brainstem reticular areas (such as the PB, parabrachial, and 

Holstege (1978); Takeuchi LDT nuclei) and amygdala nuclei [70]. The bulk of amyg- 
et at (1982). daloid projections to those areas at the midbrain-pontine 


AFFERENT AND 
EFFERENT 
CONNECTIONS OF 
BRAINSTEM 



76 

CHAPTER 3 


junction arise in the central nuclei of the amygdala (CNA). 

During REM sleep of cat, CNA stimulation significantly 

increases the number of PGO waves and their cluster density [71 ] Calvo et al (1987). 
[71]. It is known that the final common path for transmis¬ 
sion of PGO waves to the thalamus originates in and around 
the PB area (see Chapter 10). The amygdala-induced facilita¬ 
tion of this phasic component of REM sleep in cat may be 
related to the elicitation of dreaming by electrical stimula¬ 
tion of amygdala and other limbic structures in man [72]. [72] Halgren et al (1978). 


3.1.3.4. Neocortical Areas 


Golgi studies, anterograde degeneration, and retro¬ 
grade tracing techniques showed that the projections of neo¬ 
cortical neurons to the brainstem core mainly arise in 
motor-sensory and somato-sensory areas and terminate in 
the midbrain reticular formation and in pontomedullary 
reticular fields [73]. The sign of this projection is excitatory, 
as all 20% of midbrain reticular formation that responded to 
cortical stimulation were directly excited, the great majority 
being activated at latencies shorter than 5 ms [46]. The corti- 
coreticular feedback projections have been implicated in the 
maintenance of the alert condition (see Chapter 1). 


[73] Rossi and Brodal 
(1956); Kuypers (1958); 
Valverde (1961); Catsman- 
Berrevoets and Kuypers 
(1975,1981). 


3.1.3.5. Convergent Inputs Onto Single 
Brainstem Reticular Neurons 

The convergence of various types of inputs from 
sensory pathways and central structures onto lower brain¬ 
stem reticular neurons has been demonstrated [74]. Those [74] Scheibel et al. (1955). 
rhombencephalic reticular cells may periodically function 
as part of one network and then of another network, as they 
display cyclic variations in responsiveness to multiple volleys of 
somatic and visceral origin. The midbrain reticular neurons 
are the site of convergences between inputs arising in the 
cerebral cortex, preoptic area, some thalamic nuclei, and 
bulbar reticular formation [18]. Figure 3.9 shows that the 


Figure 3.9. Convergent synaptic excitation of midbrain reticular (RE) neurons in cat. A, a neuron in 
nucleus cuneiformis was excited synaptically following stimulation of the bulbar reticular formation (B), 
preoptic area (POA), center median (CM), and lateral posterior (LP) thalamic nuclei. Original spikes 
(left) and 50-sweeps dotgrams at fast (middle) and slow speed (right) to show dissimilar latencies, dis¬ 
charge patterns and suppressed firing-rebound sequences following stimulation of different sites; 3- 
pulse-train to the CM. B, two descents (3a and 9a) in the midbrain reticular core drawn from sagittal 
sections (lateral plane 3). Target structures (oblique arrows) were identified by antidromic invasion, 
while excitatory inputs (forked symbols) were recognized from synaptically elicited discharges at short 
latencies. PP, pes pedunculi; RN, red nucleus; SC, superior colliculus; VL, ventrolateral thalamic nucleus. 
The graph in C depicts the percentage (ordinate) of cells with various degrees of synaptic convergence in 
two neuronal populations (which could not be or have been antidromically identified from structures 
outside the midbrain reticular formation). 0 indicates neurons that have not been synaptically excited, 
and 1-4 indicate the number of stimulated sites which induced synaptic excitation. Modified from 
Steriade et al. (1980), Ropert and Steriade (1981), and Steriade (1981). 
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responses of midbrain reticular neurons display very slight 
latency dispersion and may follow high-rate volleys. More 
importantly, the common feature of midbrain reticular neu¬ 
rons receiving multiple converging inputs is the dissimilar 
discharge patterns and temporal evolution of the excita¬ 
tory-inhibitory sequence evoked in the same neuron by sev¬ 
eral testing stimuli (Fig. 3.9A). This suggests that each of 
those inputs reaches different parts of the somadendritic 
membrane and differentially sets into motion various sources 
of inhibition acting on midbrain neurons. Synaptic conver¬ 
gences from multiple sites were more often seen in midbrain 
reticular neurons that remained unidentified by antidromic 
invasion than in midbrain reticular neurons with antidromi- 
cally identified projections to distant sites (Fig. 3.9, B-C). 


3.1.4. Afferents from Intrabrainstem Sources 

3.1.4.1. Aff erents to the Pontine Reticular Formation 

In examining the afferents to the pontine reticular 
formation (PRF), it is helpful to provide an overview by 
describing a recent HRP/WGA-HRP study which system¬ 
atically tabulated the relative percentage of retrogradely 
labeled neurons in the different regions sending projec¬ 
tions to PRF in the rat [75]. In looking at these data, it 
must be kept in mind that the “relative percentage of pro¬ 
jecting neurons,” while an essential measure, is only one 
way of measuring importance of connections to PRF. 
Other chapters in this monograph make clear the impor¬ 
tance of neuronal groups with particular chemical codings 
that may powerfully modulate excitability and be of conse¬ 
quent importance for behavioral state changes, although 
the number of projecting neurons is relatively few; the 
cholinergic neurons are excellent examples. In that study 
[75], neurons were retrogradely labeled from “the medial 
magnocellular pontine reticular formation,” which 
includes a rostral non-giant cell portion (FTP) termed 
nucleus RPO, and the caudal nucleus RPC, corresponding 
to the giant-cell field (FTG) [16]. In our illustration of the 
results we will follow the use of the terms RPO and RPC. 
The major finding was that almost one half of the labeled 
neurons come from regions within the brainstem reticular 
core, including the midbrain, intrapontine connections, 
and bulbar reticular formation. These data provide a 
strong anatomical basis for the recent physiological data 
(discussed below) indicating dense reticuloreticular con¬ 
nections, and point to dense reticuloreticular connectivity 
as a major feature of reticular formation. Crossed, contralat¬ 
eral, and homotopic reticuloreticular input is important for 


[75] Shammah-Lagnado 
etal. (1987). 



[76] Ry eetal (1988) 


[77] Leichnetz et al 
(1987). 


[78] I to and McCarley 
(1987). 

[ 79 ] McCarley et al. 
(1987). 


both caudal and rostral PRF; this input constitutes 7-13% 
of the labeled neurons. There is also a dense interconnec¬ 
tivity between rostral and caudal PRF (8-14% of labeled 
neurons). Midbrain input is predominantly ipsilateral and 
from the area designated as FTC, with some input from 
nucleus cuneiformis. Bulbar input is predominantly 
from the giant cell field (BFTG), with some input from 
ventralis, parvocellularis, paragigantocellularis (PGCL), 
and magnocellularis areas. 

With respect to nonbrainstem input, the diencephalic 
ZI and field of Forel provide the most important rostral 
input (14%) to RPO and 4% to RPC. This diencephalic 
zone may be regarded as a rostral extension of the brain¬ 
stem reticular core. 

Corticoreticular connections, primarily from frontal 
lobe, account for 5% of the labeled neurons. The Sc is the 
source of 15% of neurons with input to both rostral (ipsi¬ 
lateral predominance) and caudal portions of PRF (con¬ 
tralateral predominance). The central gray of midbrain, 
predominantly periaqueductal gray (including what was 
termed the midbrain extrapyramid al area [76]) contains 
10% of neurons with projections to RPO and 4% of neu¬ 
rons with projections to RPC. Cerebellum contributes 2%. 
The spinal cord is the source of 13% of neurons with input 
to RPC, but very few projecting to RPO. With respect to 
projections from nuclei suspected of playing roles in mod¬ 
ulating reticular excitability, retrogradely labeled neurons 
were found in dorsal raphe (DR), raphe magnus, LC, LDT 
nucleus, and peri/parabrachial complex. The main findings 
were essentially paralleled in a study in the cat [77]. 

Electrophysiological studies of inputs from other brain¬ 
stem reticular formation areas to the pontine gigantocellu- 
lar tegmental field (PFTG) [78, 79] addressed the nature of 
input to pontine FTG by means of intracellular recording in 
PFTG in the unanesthetized animal, using microstimulation 
of other brainstem reticular areas. The monosynaptic 
responses of PFTG neurons to microstimulation of bulbar 
[78] or contralateral pontine and midbrain [79] reticular 
formation are initially depolarizing excitatory postsynaptic 
potentials (EPSPs) in proportions from 75% to 90%. The 
percentage of initial PSPs that were inhibitory postsynaptic 
potentials (IPSPs) evoked by midbrain or contralateral pon¬ 
tine stimulation represented only about 4% of responses, 
statistically significant less than the IPSPs in response to 
stimulation of the bulbar Gc or Me tegmental fields (about 
12%). The shape of the EPSPs varied as a function of the 
stimulated sites: the EPSPs from the contralateral pontine 
and the bulbar reticular fields had a rapid rise time and a 
relatively constant latency, whereas those evoked by mid¬ 
brain reticular stimulation had a less rapid rise time and a 
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longer plateau (Fig. 3.10). These results were collected 
from pontine neurons that, in a subsample with intracellu¬ 
lar HRP labeling, proved to have in their great majority 
(80%) a soma diameter greater than 40 pm [79]. 

At variance with data on midbrain reticular neurons 
that suggested a relative segregation between receivers of 
multiple inputs and projection neurons [46] (see Fig. 3.9), 
the intracellular studies of pontine reticular neurons sug¬ 
gest an identity of input and output pontine reticular neu¬ 
rons with respect to synaptic response properties [78, 79]. 
The type and latency of initial PSPs in pontine reticular 
neurons are diagrammatically indicated in Fig. 3.11. 

The anatomical data described above indicate the 
presence of dense and reciprocal pontobulbar interconnec¬ 
tions, but do not of course indicate whether these are excita¬ 
tory or inhibitory, nor whether there is any input 
differentiation for neurons with different projection path¬ 
ways, such as those with and without axons in medial longitu¬ 
dinal fasciculus (MLF), the ventral funiculus (VF) or the 
medial reticulospinal projection pathway. Electrophysio- 
logical studies performed on the same neurons, morpholog¬ 
ically characterized with intracellular HRP injections, have 
answered these questions. Pontine FTG neurons uniformly 
respond to stimulation of the bulbar FTG (BFTG) with an 
initial, short-latency EPSP response that has the short 
latency, rapid rise time, and faithful following indicative of 
monosynaptic connections. This is true of PFTG neurons 
identified by intracellular HRP injection as sending axons in 
MLF (Fig. 3.12) and also of those sending axons into bulbar 
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Figure 3.10. Typical responses of an intracellularly recorded medial pontine reticular formation (PRF) 
neuron to microstimulation of bulbar reticular formation (BRF, column A), contralateral pontine giant 
cell field (cFTG, column B), and mesencephalic reticular formation (MRF, column C) in cats. Part A3 
shows the extracellular field response following BRF stimulation (4 mV calibration); note, in particular, 
the presence of an antidromic field potential temporally coincident with the antidromic responses 
shown in A1 and A2 (A2 has same time base as A3). Antidromic field potentials are also seen in the intra¬ 
cellular potential records with cFTG stimulation (column B) but not with MRF stimulation (column C). 
Note the presence of short latency EPSPs in all records; stimulation of BRF and cFTG produced EPSPs 
with a faster rise time than with stimulation of MRF. Modified from McCarley et at (1987). 





Figure 3.11. Summary of type and latency of initial PSPs produced in mPRF neurons by stimulation of 
various brainstem reticular (RE) regions in cats. Note: (1) the presence of dense monosynaptic excita¬ 
tory input from almost all reticular regions; and (2) the maximum percentages of monosynaptic 
inhibitory PSPs occur with stimulation of bulbar FTM and FTG. Adapted from McCarley et al (1987). 
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Figure 3.12. Intracellular recording of a pontine gigantocellular (Gc) field neuron with axon descending 
in MLF (intracellular HRP labeling). A, antidromic spike potentials with a latency of 0.3 ms were elicited 
by MLF stimulation; EPSPs (solid arrow) were also produced. B, EPSPs with a monosynaptic latency of 
0.7 ms were evoked by microstimulation of BRF. AC-coupled recordings in upper traces in A and B 
(calibration bar = 2 mV) and DC-coupled recordings in lower traces (calibration bar = 10 mV). Resting 
membrane potential was —58 mV. Adapted from Mitani et al (1988b). 
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Figure 3.13. Intracellular recording of a pontine gigantocellular (Gc) field neuron with axon descending 
in BRF (intracellular HRP labeling). A, EPSPs with a latency of 0.8 ms were evoked by MLF stimulation; 
antidromic spike potentials were not present. B, antidromic spike potentials with a latency of 0.35 ms 
were evoked by stimulation of BRF; EPSPs (solid arrow) were also produced. Calibration and AC- and 
DC-coupling as in Fig. 3.12. Adapted from Mitani et al (1988b). 

reticular formation, when no antidromic response was pres¬ 
ent (Fig. 3.13). 

Similarly, BFTG neurons respond to microstimulation 
of the ipsilateral pontine FTG with initial EPSPs that also 
have the characteristic of monosynaptic responses. This 
monosynaptic EPSP response to PFTG microstimulation is 
seen in all types of BFTG neurons identified by intracellu¬ 
lar HRP injection, including those sending axons to MLF 
and those with axons descending in the bulbar reticular 
formation (Fig. 3.14). Longer-latency hyperpolarizing 
responses frequently followed these initial EPSPs in both 
bulbar and pontine neurons. 

3.1.4,2* Afferents to the Midbrain and 
Bulbar Reticular Formation 

After the demonstration, based on Golgi staining, of 
long-axoned neurons coursing from the lower to the upper 

brainstem reticular core [80] , autoradiographic studies have [80] Scheibel and Scheibel 

shown projections from rhombencephalic reticular nuclei to (1958). 

the upper brainstem core [81] and from the midbrain reticu- [81] Graybiel (1977a). 

lar formation to the rostral pons and, less substantially, to the 

bulbar reticular formation [52]. An autoradiographic and 
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Figure 3.14. Intracellular recordings of bulbar gigantocellular (Gc) reticular (RE) formation neurons 
labeled by intracellular HRP injections. Part A is from a neuron sending its axon in contralateral MLF 
(cMLF neuron), part B from a neuron with axon coursing in ipsilateral MLF (iMLF neuron), and part C 
from a neuron with an axon coursing in ipsilateral bulbar reticular formation (iBRF neuron) and a bifur¬ 
cating axonal branch to ipsilateral pontine gigantocellular reticular formation (PFTG). In A and B, EPSPs 
with latencies of 0.5 ms (A) and 0.6 ms (B) were evoked by PFTG stimulation. C-l, in this iBRF neuron 
PFTG stimulation (0.10 mA) elicited antidromic spike potentials with a latency of 0.6 ms. C-2 , at a lower 
stimulus amplitude (0.04 mA) EPSPs were elicited (solid arrow, 1.1 ms latency); open arrow shows the 
antidromic field component. Calibration and AC- and Decoupling as in Figure 3.12. Adapted from Mitani 
etai (1988c). 

retrograde transport study that focused on the bulbopontine 
reticular projections of the rat indicated that the bulbar Me 
tegmental field projects ipsilaterally to the VM part of the 
PRF (FTG zone), with a decreasing density of projections 
toward more rostral pontine sites, while the rostral portions 
of the bulbar Gc field send bilateral projections throughout 

[82] Zemlan et al (1984). the pons and, further, to the forebrain [82]. Reticuloreticular 

[83] Mitani etal (1988a). projections from pontine sites to BFTG have recently been 

quantified [83] and found to be most dense from pontine 
FTG, which accounts for 70% of the percentage of retro- 
gradely labeled neurons, with an approximately equal ipsi- 
and contralateral distribution. Projections from FTP, prima¬ 
rily contralateral, accounted for 24%, while predominantly 
ipsilateral projections from FTL and the parabrachial 
regions accounted for about 2% each. 

Antidromic identification studies on bulbar reticular 
neurons of cat revealed that the afferents to midbrain 
reticular projections mainly arise in Me field, while both 
Me and Gc bulbar neurons project to medial and intralami¬ 
nar thalamic nuclei [26]. 

Massive retrograde labeling occurs in rostral mid¬ 
brain, paramedian PRF and Gc as well as Me bulbar reticu¬ 
lar fields after WGA-HRP injections localized within the 
limits of the cholinergic PPT nucleus at the midbrain-pon¬ 
tine junction (see Fig. 3.7). 
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In earlier electrophysiological studies, some contro¬ 
versial data resulted from the attempts at characterizing 
the nature of these reticuloreticular projections. The 
IPSPs described in lower brainstem reticular neurons as 
responses to midbrain stimulation [84] were contrary to 
the midbrain-evoked short-latency (1-3 ms) depolarizing 
potentials in bulbar reticular neurons [85]. The IPSPs 
could well be due to collaterals in the ascending pathway 
(toward unidentified inhibitory sources) since the 
antidromic invasion of medullary neurons from the mid¬ 
brain occurred before the IPSP [84]. On the other hand, 
the IPSPs produced in midbrain reticular cells by bulbar 
stimulation [85], and interpreted in the light of a hypothe¬ 
sized inhibitory linkage from the lower to the upper brain¬ 
stem reticular core, may be ascribed to costimulation of 
medullary monoaminergic neurons. Indeed, immunohisto- 
chemically identified adrenergic neurons project to rostral 
sites at the midbrain-pontine junction [86]. Studies con¬ 
ducted in chronically implanted, behaving cats reported 
monosynaptic excitatory responses of midbrain reticular 
neurons to pontine or bulbar reticular stimulation [46]. 

The connections between substantia nigra pars reticu¬ 
lata (SNr) and brainstem reticular nuclei, in particular the 
PPT cholinergic nucleus, are direct or through an intermedi¬ 
ate relay in the SC. These connections play a key role in some 
physiological correlates of behavioral states of vigilance. The 
reciprocal connections between SNr and PPT result from 
anterograde and retrograde tracing techniques [4, 87] as 
well as by intracellular analysis [88]. The reciprocal connec¬ 
tions are reflected electrophysiologically by antidromic acti¬ 
vation of midbrain-pontine neurons surrounding the 
brachium conjunctivum (PB—area in the PPT nucleus) after 
SN stimulation, suppression of PB-cells’ discharge by SN 
stimulation (as SNr cells are GABAergic), and prevalently 
excitatory effects in SN neurons by PB stimulation [89]. The 
latter study was conducted in chronically decorticated rats to 
preclude axon-reflex activation of descending corticofugal 
fibers giving off collaterals to both SN and PB. 

The indirect connections between SNr and PB are 
mediated by a relay of SNr axons in the SC. The nigrotectal 
pathway was studied by retrograde tracing methods [90]. A 
comparative analysis showed that, in the rat, the SNr-SC 
projection arises in a ventral stratum of SNr and is almost 
exclusively ipsilateral, while crossed SNr-SC projections are 
visible in the cat and even more substantially in the monkey 
[91]. The GABAergic nature of SNr-tectal pathway was 
revealed by combined retrograde tracing and histochemi- 
cal techniques [92] and the inhibitory effects upon SC 
neurons were assessed by SNr stimulation and GABA 
iontophoresis [93]. In turn, the cells in intermediate and 
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deep SC layers send axons caudally that give off collaterals 
to the PB area [40] (see Fig. 3.4). 

The SNr-SC connection is involved in orienting 
reactions. Novel sensory stimuli are accompanied by a 
decrease in the firing rates of SNr cells, that releases from 
inhibition the target SC neurons, and eventually leads 
(through SC projections to premotor pontine reticular 
neurons) to eye movements toward the signal [94]. On the 
other hand, the inhibitory projections from SNr neurons 
to PPT neurons may be one of the decisive factors for 
hyperpolarizing some PPT elements during REM sleep. 
The consequence would be postinhibitory rebound bursts 
that are indeed the characteristic discharge patterns of 
some elements recorded from the cholinergic PPT/LDT 
nuclei, known as PGO-on burst neurons, other neuronal 
types firing tonically during PGO waves or even displaying 
suppression of their discharges time-locked with PGO 
waves (see Chapter 10). 


3.2. Afferents to Brainstem 
Monoaminergic Nuclei 

3.2.1. Locus Coeruleus 

The locus coeruleus (LC) was previously described as 
a site of convergence from a great variety of pathways. 
Retrograde HRP transport experiments have been per¬ 
formed in rat [95], a species in which LC is well defined 
and is homogenously composed of elements using NE as 
neurotransmitter. That study reported that afferents to LC 
arise in the marginal zones of the dorsal horn of the spinal 
cord, fastigial nuclei of the cerebellum, various brainstem 
nuclei (the solitary tract nuclei, medullary areas that cor¬ 
respond to A1-A2 catecholamine groups, several cell- 
groups located dorsal and lateral to the superior olive, the 
DR nucleus, and parts of classical reticular formation 
fields), paraventricular and lateral hypothalamic areas, 
medial and lateral preoptic areas, the central nucleus of 
amygdala, and a highly restricted band of cerebral cortex 
containing areas 13 and 14 around and dorsal to the rhinal 
sulcus. In cat, similar afferents from medullary (presumed 
catecholaminergic) cell-groups and hypothalamus reach 
the VL part of the LC, while the dorsomedial or principal 
part of the LC receives afferents from the contralateral LC, 
fastigial nuclei, DR nucleus, and mesencephalic central 
gray, but not from the bulbar reticular formation or the 
pontine Gc field [96]; however, other data using WGA-HRP 
methods indicate projections from these bulbar and 
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pontine reticular zones (A. Mitani and R.W. McCarley, 
unpublished data). The projection from the midbrain 
reticular formation to the LC of cat was also documented 
with the anterograde labeling method [52]. 

The projection from the DR is one of the sources of 
immunocytochemically identified serotonergic fibers that 
surround the perikarya and dendrites of NEergic LC neu¬ 
rons [97]. The sources of other inputs, among them those 
originating in various hypothalamic areas and/or the brain¬ 
stem medullary core, are neurons containing enkephalin 
and substance P, beta-endorphin, or neurophysin [98]. 

After these reports of afferents to LC from so many 
sources, from the spinal cord up to the cerebral cortex, it was 
reported that the rat LC has a restricted afferent control, 
mainly consisting of two rostral medullary nuclei, paragigan- 
tocellularis (termed PGCL, [99]) and prepositus hypoglossi 
(PH), the connection being predominantly ipsilateral [100]. 

The nucleus PGCL is located in the VL part of the 
medulla, is involved in processes of autonomic integra¬ 
tion, and contains the somata of bulbospinal neurons that 
provide the excitatory drive to the vasoconstrictor pregan¬ 
glionic neurons [101]. It is a pleomorphic nucleus and has 
neurons that contain serotonin, NE, enkephalin, as well as 
more typically reticular neurons; a major input is the pon¬ 
tine and BFTG and there is also strong connectivity with 
regions associated with the autonomic nervous system and 
nociception [99, 102]. As to the nucleus PH, it is involved 
in oculomotor system control (see Chapter 10) and is a site 
of afferents from quite diverse sources. In addition to mas¬ 
sive retrograde labeling in PGCL and PH nuclei after 
WGA-HRP injections in the LC, much weaker retrograde 
labeling was found in the paraventricular hypothalamic 
nucleus and intermediate gray of the spinal cord. 

These somewhat controversial results [100] were 
attributed to a more precise localization of the tracer injec¬ 
tion into the LC, while the previous results were ascribed 
to diffusion of the tracer outside the LC limits, particularly 
in the parabrachial nucleus. Some comments can be made 
with regard to these data [100]: (1) the criteria used for 
retrograde labeling (“at least ten TMB reaction granules,” 
p. 234) may dismiss elements with axonal collaterals, 
which usually display very few reaction granules (the so- 
called diluting collateral effect); (2) the parabrachial 
nucleus was injected in a control experiment [95] and, 
while retrograde labeling was found in preoptic area, ven- 
tromedial-dorsomedial hypothalamic areas and DR 
nucleus after LC injections, the same areas remained unla¬ 
beled after parabrachial injections (see Table 2 in that 
paper); (3) this restrictive view of LC input has also been 
criticized on the grounds that input to the large LC den¬ 
dritic extensions outside the compact nuclear zone of the 
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somata was neglected and that the extracellular tech¬ 
niques used to cross-validate input physiologically were 
insensitive compared with intracellular recordings which 
detect PSPs as well as action potentials. 

The short-latency, robust excitatory responses of LC 
neurons (73%) to PGCL stimulation [100] have been 
characterized as subject to blocking by the excitatory 
amino acid (EAA) antagonists kynurenic acid and gamma- 
D-glutamylglycine, but not by the more specific NMD A 
EAA antagonist l-amino-7-phosphonoheptanoic acid 
(AP7) and the preferential quisqualate receptor antago¬ 
nist glutamate diethyl ester (GDEE) [103]. The nonexcita- 
tory, suppressive responses to PGCL stimulation may result 
from a PGCL-LC projection originating from phenyle- 
thanolamine-A-methyltransferase-immunoreactive cells (the 
Cl adrenergic cluster). The effect of NE on LC cells is a 
powerful hyperpolarization mediated by alpha-2-receptors 
(Cederbaum and Aghajanian, 1978). In fact, the effects 
exerted by PGCL upon LC neurons are not simply 
inhibitory or excitatory because of the complexity of trans¬ 
mitters used by the heterogenous PGCL neurons. After 
the pharmacological blockade of PGCL-evoked excitation, 
LC neurons display purely inhibitory responses to PGCL 
stimulation [103] that may also be attributable to the 
adrenergic hyperpolarization of LC cells. 

3.2.2. Raphe Nuclei 

The serotonergic raphe nuclei that are mainly 
involved in the control of the sleep-waking cycle are raphe 
dorsalis and raphe medianus. Their major afferents seem 
to arise in the rostral part of the nucleus of the solitary 
tract, LC, SN, lateral part of the posterior hypothalamus, 
preoptic area, lateral habenula, hippocampus, and pre¬ 
frontal cortex [104]. The pathway from the lateral habe¬ 
nula to the DR is inhibitory, probably GABAergic, as the 
effect induced by electrical stimulation of the habenula 
can be blocked by picrotoxin [105]. 

As to the transmitter-specified afferents to the nucleus 
raphe dorsalis, disclosed by means of immunocytochem- 
istry, the serotonin-immunoreactive fibers [106] originate 
partly in the DR itself [107] and in other raphe nuclei. The 
noradrenergic fibers that make synaptic contacts with DR 
neurons [108] probably originate in the LC. 

3.2.3. Ventral Tegmental Area 

Dopamine (DA)-containing neurons with connections 
to widespread areas of the cerebral cortex are located in the 
ventral tegmental area (VTA), while DA-containing neurons 
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projecting to the striatum are located in substantia nigra 
pars compacta (SNc). Since we shall deal in other chapters 
with the dopaminergic modulation of the cerebral cortex, 
we refer here to the afferent connections ofVTA. 

In rat, they originate in LC, parabrachial nucleus, 
various raphe nuclei (mainly dorsalis and magnus), pos- 
terodorsal hypothalamus and preoptic area, SI and diagonal 
band nuclei, amygdala, nucleus accumbens, and various cor¬ 
tical areas, especially the dorsal bank of the rhinal sulcus, 
and the prefrontal cortex [109]. Antidromic invasion studies 
in rat indicate that, in addition to innervate the VTA, pre¬ 
frontal cortical neurons send axon collaterals to the MD 
thalamus, SN, and central gray [110]. In cat, VTA afferents 
arise in the spinal cord, deep cerebellar nuclei, several raphe 
nuclei, LC, mammillary nuclei, basal forebrain structures, 
and some cortical areas, such as the medial sigmoid gyrus 
[111]. These sources of inputs point to the VTA as a site of 
convergences from a variety of brain structures. In addition 
to the more conventional projections and transmitters, there 
are probably seven amines and at least ten peptides that 
modulate VTA neurons [112]. 


3.2.4. Tuberomammillary Area 

The tuberomamillary area in the posterior hypothala¬ 
mus contains the majority of histamine (HA) neurons, but 
some HAergic cells are also found in the brainstem and 
the preoptic area [113]. The main afferents to the tubero¬ 
mammillary area arise in various brainstem structures, 
notably in nuclei located at the mesopontine junction, 
periaqueductal gray, amygdala, septum, and diagonal 
band nuclei [114]. A GABAergic as well as galaninergic 
projection to these HAergic neurons arises in the preoptic 
area [115]. This projection probably plays a major role in 
deactivating HA neurons and in promoting sleep (see 
Section 1.3.2 in Chapter 1). 


3.3. Afferents to Basal Forebrain 
Cholinergic Nuclei 

3.3.1. Systematization of Basal Forebrain 
Cholinergic Nuclei 

The cholinergic nuclei of the basal forebrain are 
designated Chi to Ch4, according to Mesulam’s [1] 
nomenclature. 
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The Chi sector consists of small-sized ChAT-positive 
neurons grouped in the medial septum. In both rat and 
monkey, the medial septum also contains a sizable propor¬ 
tion of noncholinergic neurons, at least a half of the total 
neuronal population. The noncholinergic cells are probably 
GABAergic elements [116]. Scattered single ChAT-positive 
neurons are also found in the lateral septum of cat. 

The Ch2 and Ch3 sectors consist of ChAT-positive 
cells within, respectively, DBv and DBh. These neurons are 
multipolar and of larger size than Chi neurons. Here also, 
cholinergic neurons are intermingled, at least in rat, with 
GABAergic elements [117], There are no definite bound¬ 
aries between Ch2 and Chi, or between Ch3 and the 
following basal forebrain sector, Ch4. 

The Ch4 group mostly corresponds to NB of Meynert, 
but cholinergic cells are also found in the larger region 
known as SI that forms a neuronal band located ventrally 
to the anterior commissure, with extensions that surround 
the internal part of the globus pallidus (termed entope- 
duncular nucleus in cat). The Ch4 neurons are larger and 
hyperchromic, as compared to Chl-to-Ch3 neurons, and 
90% of NB cells are cholinergic in rat and monkey [1]. 
Caudally, SI neurons extend into the anterior part of the 
preoptic area and the amygdaloid complex, with few 
cholinergic cells within the central nucleus of amygdala 
in cat [1]. 


3,3.2. Afferents to Basal Forebrain 
Modulatory Systems 

The activity of NB (Ch4) neurons is under the influence 
of the brainstem, hypothalamus, amygdala, and the cerebral 
cortex. Changes in NB cellular activities during states of vigi¬ 
lance are mainly controlled by brainstem, posterior hypo¬ 
thalamus, and amygdala neurons. 

The projections from the upper brainstem core to NB 
were first revealed in primates [118]. The majority of brain¬ 
stem core inputs to NB cholinergic cells appear to arise 
from neurons other than the mesopontine cholinergic ones 
as only <1 % of cholinergic PPT/LDT neurons project to 
NB [119]. Transport techniques, immunohistochemistry, 
and electron microscopical analysis [120] revealed that 
anterogradely labeled PPT/LDT axons do not contact NB 
cholinergic cells with cortical projections and cholinergic 
NB cells receive inputs from noncholinergic terminals. 
Thus, the main source of afferents to NB cells is not the 
aggregate of mesopontine cholinergic neurons. In 
macaques, NB (Ch4) neurons receive synaptic inputs from 
catecholaminergic, GABAergic, and cholinergic axons that 
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usually form asymmetric synapses on ChAT + neurons [121]. 
Even if direct brainstem-NB, cholinergic-to-cholinergic 
projections were to be eventually demonstrated, ACh elicits 
a muscarinic-mediated hyperpolarization of NB cells [122]. 
Extracellular recordings showed that stimulation of PPT 
nucleus exerts ambiguous, excitatory or inhibitory, effects 
upon cortical-projecting NB cells [123]. As to the 
monoamine-containing cells in the DR and LC, they make 
synaptic contacts with cholinergic as well as noncholinergic 
cells in the NB nucleus [124]. 

The most likely candidates for the brainstem drive 
reaching NB neurons during activated states are brainstem 
glutamatergic neurons, within the limits of, or outside, the 
PPT/LDT nuclei or even colocalized with ACh in the same 
cholinergic mesopontine cells [125]. The hypothesis that 
PPT-induced activating actions on neocortical cells are 
attributable to the glutamatergic activation of NB cholin¬ 
ergic cells [126] was supported by a study in which the 
ACh release from cortex was collected using microdialysis, 
while stimulating PPT nucleus and exposing NB to different 
blockers [127]. 

The hypothalamic afferents to the NB [128] make 
synapses with both cholinergic and noncholinergic neurons. 
The histaminergic tuberomammillary cells also project to 
NB neurons and are implicated their activation [129]. 

The origin of amygdaloid complex projections to the 
basal forebrain are excitatory neurons located in the baso- 
lateral and central nuclei, which may underlie the response 
of reinforcement-related neurons in the primate basal fore¬ 
brain [130] and inhibitory neurons in the GABAergic 
intercalated cell masses [131], the latter terminating in NB 
and the horizontal limb of the diagonal band nuclei [132]. 


3.4. Efferent Connections of Brainstem 
Cholinergic Nuclei and Classical 
Reticular Fields 

In this section, we describe the projections of both 
immunohistochemically identified brainstem cholinergic 
and nonidentified neuronal aggregates. 

We first analyze (Section 3.4.1) the rostral (thalamus 
and basal forebrain) projections of brainstem reticular 
nuclei that consist of quite circumscribed populations of 
cholinergic neurons at the midbrain-pontine junction and 
a series of nuclei whose chemical transmitter (s) remain (s) 
largely unidentified. Brainstem and spinal cord efferents 
of the cholinergic mesopontine and noncholinergic 
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pontobulbar reticular formation are discussed in Section 
3.4.2. The intrinsic morphology of pontobulbar reticular 
formation neurons and the correlations with anatomical 
projections are discussed in Section 3.4.3. 

The actions of various transmitters of brainstem 
neurons upon thalamic, cortical, and spinal cord neurons, 
and the synaptic influences exerted on those distant tar¬ 
gets by stimulating brainstem projection pathways, are 
examined together with the intra-brainstem transmitter 
actions in Chapter 6. The hypothesized interactions 
between brainstem cholinergic and monoaminergic neu¬ 
rons that may underlie oscillations in states of vigilance are 
discussed in Chapter 12. 


3.4.1. Rostral Projections of Cholinergic and 
Noncholinergic Reticular Neurons 

The projections of brainstem reticular neurons are 
described as a function of rostral (diencephalic and telen- 
cephalic) targets. In many instances, the same target area is 
afferented from both cholinergic and noncholinergic, 
upper and lower, brainstem reticular neurons. 

As originally described by fiber degeneration techniques 
[133] and Golgi studies [80] and subsequently confirmed 
and elaborated by autoradiography [134], long ascending 
projections from the giant cell fields of the bulb and pons, as 
well as from FTP and FTC areas, ascend as Forel’s tegmental 
fascicles into the diencephalon where this diffuse band of 
fibers splits into a dorsal and ventral leaf. The dorsal system 
supplies the intralaminar and midline nuclei of the thalamus 
while the ventral division distributes fibers to subthalamus 
(mainly nucleus of the field of Forel) and (mainly lateral) 
hypothalamus, and beyond to basal forebrain. 

3.4.1.1. Are There Direct Cortical Projections? 

The ascending axons of cholinergic neurons at the 
midbrain-pontine junction (Ch5-Ch6 groups) and non¬ 
cholinergic reticular neurons of midbrain, pontine, and 
medullary fields are overwhelmingly relayed in the thala¬ 
mus. This stands in contrast to the direct cortical projec¬ 
tions of monoaminergic brainstem nuclei (see Section 3.4). 
The absence of direct cortical projections of non- 
monoaminergic brainstem neurons (using ACh or other, as 
yet nonidentified, transmitters) was especially reported in 
studies conducted in cat, but the scarcity of such projections 
also results from studies in rat and squirrel monkey. The 
only species that seems to have a significant brainstem 
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reticular projection to the visual cortex is the chimpanzee. 
This should be emphasized because reports continue to 
accumulate in the literature referring to direct reticulocorti- 
cal projections, without qualifications about their impor¬ 
tance and their widespread or localized character, and 
without dissociating the classical reticular (cholinergic and 
noncholinergic) fields from the monoaminergic systems. 

After large injections of retrograde tracers in cat visual 
cortex, no nonmonoaminergic neurons were labeled in 
the brainstem reticular formation, but a significant num¬ 
ber of 5-HT + or TH + neurons were also HRP + in the DR or 
LC [135]. The absence of retrogradely labeled brainstem 
reticular neurons was also reported in other experiments 
using retrograde tracer injections in cat visual cortex [136] 
as well as large HRP injections in motor (pericruciate), 
parietal associational (suprasylvian) neocortical areas, and 
posteroventral hippocampus of cat [137]. In rat, after 3 H- 
proline injections in the upper brainstem reticular forma¬ 
tion, the projections to the cerebral cortex were sparse and 
difficult to visualize [134]. Only isolated fibers were antero- 
gradely labeled in the cortex, and confined to the infralimbic 
area, after WGA-HRP and phaseolus xm/ganVleucoagglutinin 
(PHA-L) injections in the cholinergic LDT nucleus [138]. 
A study dealt in detail with rat “reticulocortical” systems, as 
disclosed by retrograde transport of fluorescent tracers or 
WGA-HRP, but the notion of reticular formation was 
extended to include monoaminergic nuclei [139]. 

In squirrel monkey, brainstem core neurons were 
labeled after HRP injections into different visual cortical 
areas, but they were found in “the medial portion of the for- 
matio reticularis ponds oralis (RF) which adjoins the nucleus 
raphe centralis superior_This region of the RF corre¬ 

sponds to that described as containing the serotonergic cell 
group S9...” [140]. In the chimpanzee, a similar arrange¬ 
ment of retrogradely labeled neurons was found in the pon¬ 
tine tegmentum after HRP injections in the occipital lobe 
(namely, coextensive with labeled neurons in the nucleus 
raphe centralis superior (CS)) but, in addition, HRP + cells 
were described within the ventral midbrain reticular forma¬ 
tion, in the triangular region between the red nucleus, SN 
nigra and the rootlets of the oculomotor nerve [141]. 

3.4.1.2. Thalamic Projections 

There is a general consensus that the great majority of 
ascending brainstem reticular axons are synaptically 
relayed in the thalamus. The other, less massive, contin¬ 
gent is directed to the basal forebrain nuclei (see below). 
The thalamic projections have been investigated by using 
anterograde and retrograde tracing techniques, corrobo¬ 
rated by antidromic identification experiments that provided 
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neurons are at least 40% of 
those found in Ch5-Ch6 
groups (see Table 1 in 
Hallanger et al , 1987). At 
any rate, these data indi¬ 
cate that the thalamic pro¬ 
jections of cholinergic 
nuclei by far exceed those 
of monoaminergic nuclei. 


information about axonal conduction velocities, and the 
cholinergic sources of these projections have been dis¬ 
closed by retrograde transport techniques combined with 
ChAT immunoreactivity of brainstem reticular neurons. 

Generally, the rostral targets of brainstem reticular neu¬ 
rons were thought in earlier studies to be limited to some 
medial, intralaminar, RE, and ZI thalamic nuclei, while 
major sensory and motor relay thalamic nuclei remained 
unlabeled in autoradiographic experiments on the pontine 
and mesencephalic reticular formation [142]. And, despite 
some indications that the brainstem PB area of the PPT 
nucleus projects to LG and lateral posterior (LP) nuclei of 
the cat visual thalamus [4, 143], the same thalamic nuclei 
remained unlabeled after similar midbrain injections with 
tridated amino acids in the rat [134]. Since the mid-1980s 
there was no certain morphological evidence for brainstem 
reticular projections to thalamic relay nuclei [49]. Then, the 
facilitatory and presumed cholinergic effects induced by 
stimulating the midbrain reticular formation upon neurons 
recorded from the LG, LP, ventroposterior (VP), VL, and 
other thalamic relay and associational nuclei remained 
something of a mystery and awaited the clarification of the 
underlying pathways as well as their chemical signature. 

We now know that: (1) cholinergic nuclei at the 
midbrain-pontine junction (Ch5-Ch6 groups) project to 
virtually all thalamic nuclei; (2) in addition to Ch5-Ch6 
projections, some associational and especially intralami¬ 
nar nuclei receive a massive projection from the non- 
cholinergic (presumably glutamatergic) neurons located 
in the rostral midbrain FTC territory and in the rostral 
PRF; and (3) medullary reticular neurons also project to 
some medial and intralaminar thalamic nuclei. 

We analyze in some detail the brainstem reticular pro¬ 
jections to the sensory and motor relay nuclei: MG, dorsal 
part of the LG, VP, VM, and ventroanterior-ventrolateral 
(VA-VL); and to the associational pulvinar-lateroposterior 
(PUL-LP) and MD thalamic nuclei. The analysis of brain¬ 
stem projections to some or all these nuclei was performed 
in studies on rat [144], cat, and macaque monkey [137]. 
Other studies focused on the visual thalamic nuclei of cat 
[14], with comparisons between cholinergic and monoamin¬ 
ergic projections to the LG nucleus [145], 

Specific relay sensory and motor (MG, LG, VP, VA-VL, 
VM) nuclei receive less than 10% of their brainstem reticu¬ 
lar afferents from noncholinergic neurons located at ros¬ 
tral midbrain (perirubral) levels (frontal levels A4-A3 in 
the cat). Instead, they receive 85-95% of their brainstem 
afferents from a region concentrated around 3 mm, 
between Al and PI, where cholinergic PPT and LDT 
(Ch5-Ch6) nuclei are maximally developed (Fig. 3.15; see 
the localization of WGA-HRP injections strictly confined 


AFFERENT AND 
EFFERENT 
CONNECTIONS OF 
BRAINSTEM 







































































within the limits of relay thalamic nuclei in Fig. 2.4). The 
only exception to this peaked localization between A1 and 
PI is the VM nucleus that receives approximately 40% of 
its brainstem innervation from posterior levels P3-P4. 
Double-staining (ChAT + HRP) in cat material revealed 
that the percentages of retrogradely labeled cholinergic 
brainstem neurons from the total number of simply HRP + 
elements were between 73% and 87% in the case of sen¬ 
sory (MG, LG, VP) nuclei, and around 60% after injec¬ 
tions in VA-VL and VM motor nuclei. The ratios between 
the number of double-labeled neurons in PPT (Ch5) and 
those in LDT (Ch6) were much higher for sensory thala¬ 
mic nuclei (LG: 40; MG: 15; VP: 8) than in motor VA-VL 
(2) and VM (4) nuclei. And, while the afferent projections 
arise predominantly from the ipsilateral brainstem reticu¬ 
lar nuclei, the contralateral projections are surprisingly 
high, from 20% to 40% of the ipsilateral projection [137]. 
Compared to the total number of retrogradely labeled 
ChAT + cells found between stereotaxic planes A3 and P5, 
5-HT + neurons in the DR represent only about 10%, and 
TH + neurons in the LC cells about 20% [145] (Fig. 3.16). 

Antidromic identification studies by threshold mapping 
at closely spaced foci in the LG laminae also indicated that 
brainstem neurons with LG projections are located 
around the brachium conjunctivum, in the region of the 
Ch5 group, and the conduction velocities from the stimu¬ 
lated sites of the parent axons to the PPT cell bodies were 

[146] Ahlsen (1984). estimated to be around 1-3 m/s [146]. 

The ChAT + fibers form dense networks within the 

[147] Stichel and Singer main LG laminae [147]. Since the basal forebrain does not 

( 1985 )* participate to the cholinergic innervation of the LG 

nucleus, these cholinergic fibers probably arise in the 
brainstem Ch5 group (see above). In lamina A, ChAT + ter¬ 
minals participate in synaptic contacts with the dendrites 
of LG relay cells in the extraglomerular neuropil, but also 
in the complex synaptic arrangements of glomeruli where 
they have access to presynaptic dendrites of local-circuit 

[148] DeLima etal (1985). LG cells [148]. 

The brainstem reticular projections to thalamic associ- 
ational nuclei are more massive than those to the specific 


Figure 3.15. Brainstem reticular (RE) projections to relay and associational thalamic nuclei in the cat. 
The parasagittal section shows some of the thalamic nuclei were WGA-HRP was injected and the main 
brainstem reticular territories where retrogradely labeled neurons were found (FTC, PB, and LDT 
nuclei). Frontal stereotaxic planes are indicated (A4-P4). The three computer-generated graphs show 
the percentage (ordinate) of HRP-positive cells at various rostrocaudal levels (abscissa) from the total 
number of labeled neurons in the upper brainstem reticular core. For abbreviations of thalamic nuclei, 
see text. Other abbreviations: AC, anterior commissure; IC, inferior colliculus; MM, medial mammillary 
nucleus; OC, optic chiasm; PAG, periaqueductal gray; RFB, retroflex bundle; RN, red nucleus; SC, supe¬ 
rior colliculus. From Steriade et al (1988). 
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anteroposterior axis (mm) 


Figure 3.16. Brainstem cholinergic and monoaminergic projections to the lateral geniculate (LG) thalamic 
nucleus in the cat. A, histogram quantitatively representing the distribution of all double-labeled cells in the 
anteroposterior axis. Each bar corresponds to the number of cells in one section. Punctuated bars corre¬ 
spond to serotonergic double-labeled cells; black bars correspond to noradrenergic (TH + ) cells; and black- 
and-white bars correspond to cholinergic (ChAT + ) cells. The crosses indicate the mean of the total 
retrogradely labeled cells in the immunostained adjacent sections. B, histograms indicating the proportion 
of double-labeled cells in each series of immunostained sections relative to the total retrogradely labeled 
cells in the respective series. Punctuated and white bars represent the results of two experiments. ChAT, 
choline acetyl transferase; Ser, serotonin; TH, tyrosine hydroxylase; DBH, dopamine-beta-hydroxylase. TH 
and DBH probably labeled the same population of cells. Modified from DeLima and Singer (1987). 


relay nuclei. WGA-HRP injections in the PUL-LP or MD 
nuclei of cat led to S to 8 times more retrograde cell label¬ 
ing in the brainstem core than the injections into the relay 
nuclei. By contrast to the LG projection that arises almost 
exclusively in the Ch5 group, the LP nucleus receives an 
important projection from both Ch5 and Ch6 groups [14] 
(Fig. 3.17). The ratio between retrogradely labeled cells in 




Figure 3.17. Cholinergic and noncholinergic brainstem reticular (RE) projections to the right latero- 
posterior (LP) and mediodorsal (MD) nuclei in the cat. In the LP case, four levels at stereotaxic planes 
Al, P0.5, PI, and P2.5. Three types of neurons are represented (ChAT + , HRP + , and double labeled; see 
symbols in top section of the MD case), as found on one section after combining the TMB procedure for 
retrogradely labeled WGA-HRP with ChAT immunohistochemistry. In the MD case, same type of graph 
as for LP nucleus, but each of the two drawings represents labeled cells found on two sections. Camera 
lucida localization. LP, modified from Smith et al. (1988). MD, modified after Steriade et al (1988). 


the Ch5 and Ch6 groups was 40 in the case of LG, while it 
was 2 in the case of the LP injection. In monkey too, the 
projection to the PUL-LP thalamic complex arises in 
cholinergic neurons of the medial part of Ch5 and the 
adjacent Ch6 group [137]. As to the brainstem-MD mas¬ 
sive projection, it is not accounted for by a greater contri¬ 
bution from PPT and LDT cholinergic nuclei, but by the 
massive labeling in noncholinergic parts of the midbrain 
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and rostral PRF (Fig. 3.17). Moreover, numerous cells in 
the periaqueductal gray project to MD in both cat and 
monkey. Note that the rich innervation of MD with ChAT + 
fibers [149] does not exclusively originate in the brain¬ 
stem, since MD as well as a limited number of other thala¬ 
mic nuclei receive a cholinergic innervation from the 
basal forebrain [150,151] (see below). 

While brainstem reticular projections to relay thalamic 
nuclei modulate the synaptic transmission of impulses 
from various sensory and motor modalities, the projections 
to intralaminar and reticular nuclei are involved in general¬ 
ized processes of activation and oscillation in thalamocorti¬ 
cal systems. The caudal intralaminar (CM-PF) nuclei are 
essentially related to the striatum. In addition to their effer¬ 
ent connections to the caudate nucleus, the rostral 
intralaminar (CL-PC) neurons project over widespread 
cortical territories where they exert depolarizing actions 
and thus represent an important link in the activating cir¬ 
cuit from the brainstem reticular formation to the cerebral 
cortex. The reticular thalamic nucleus is a pacemaker of 
spindle oscillations and the main source of long-range inhi¬ 
bition of thalamocortical neurons during slow-wave sleep 
(see Chapter 7). The brainstem cholinergic projections to 
the reticular nucleus are an important factor in the disrup¬ 
tion of synchronized spindle oscillations upon arousal. ZI, 
which is sometime included in the subthalamic region, has 
the same developmental history as the reticular nucleus, 
both originating from the ventral thalamus. The anterior 
(anterodorsal-anteroventral-anteromedial, AD-AV-AM) 
nuclei project over the whole limbic cortex (anterior and 
posterior cingulate gyri, retrosplenial gyrus, pre- and para- 
subiculum) and are part of a basically different network 
than most dorsal thalamic nuclei, as they are interposed in 
the circuit between the hippocampus, mammillary nuclei, 
and the cingulate cortex. 

All brainstem reticular fields, from the medulla to the 
rostral midbrain, send projections to the CM-PF and 
CL-PC intralaminar nuclei. This is quite different from 
the brainstem reticular innervation of most specific relay 
nuclei that receive afferents almost exclusively from the 
circumscribed brainstem region of Ch5-Ch6 groups (see 
Fig. 3.15). The contribution of the whole brainstem reticu¬ 
lar formation to the afferentation of intralaminar thalamic 
nuclei, already indicated in axonal degeneration studies 
and in early autoradiographic experiments, was repeatedly 
confirmed. Thus, in anterograde and retrograde transport 
experiments, the source of afferents to CM-PF and CL-PC 
nuclei was found not only in the upper brainstem reticular 
core, but also in rostral and caudal pontine reticular 
nuclei, and in medullary reticular Gc and Me fields. By 


[149] Levey et al. (1987a). 


[150] Steriade et al. 
(1987b). 

[151] Parent et al (1988). 



[152] Vertes etal (1986). 


[153] Wiklund and 
Cuenod (1984). 


[154] Woolf and Butcher 
(1986). 

[155] Isaacson and Tanaka 
(1986). 


[156] Sugimoto and 
Hattori (1984). 


contrast, few of the projections from the medullary Pc 
nucleus ascend beyond the mid-pons [82, 134, 152]. 
Antidromic identification experiments revealed that: (1) the 
midbrain-to-intralaminar axons conduct between 3.5 and 
4.6 m/s [46], in keeping with the small-sized neurons in the 
mesencephalic FTC; (2) the larger pontine reticular neurons 
project to intralaminar nuclei with conduction velocities 
around 7 m/s [24]; and (3) Gc and Me bulbar reticular neu¬ 
rons project to intralaminar nuclei with conduction velocities 
of 20 m/s and 7-14 m/s, respectively, also as a function of the 
larger size of Gc, compared to Me, neurons [26]. 

The cholinergic nature of brainstem reticular projec¬ 
tions from the PPT and LDT nuclei to intralaminar nuclei 
was revealed by a series of methods. Transmitter specific 
labeling was used to investigate the retrograde transport of 
3 H-choline from CM-PF nuclei mainly to PPT and LDT 
nuclei of rat [153]. In the opposite sense, the anterograde 
labeling of LDT projections to PF and more rostral 
(CL-PC) intralaminar nuclei was shown after injections of 
WGA-HRP and PHA-L [138]. The demonstration of 
brainstem cholinergic projections to both (caudal and ros¬ 
tral) components of the intralaminar nuclei was achieved 
by combining the retrograde transport of HRP or fluores¬ 
cent tracers with ChAT immunohistochemistry in rat [144, 
154], cat [20], and dog [155]. 

The considerably more numerous brainstem reticular 
neurons labeled after WHA-HRP injections into the cat 
CM-PF nuclei or CL-PC nuclei, as compared to the num¬ 
ber of brainstem reticular cells labeled after injections in 
relay sensory and motor thalamic nuclei, result from a dis¬ 
similar distribution of retrogradely labeled neurons. In 
addition to massive projections from the Ch5-Ch6 groups, 
the intralaminar nuclei receive a substantial proportion of 
afferents from noncholinergic neurons in the rostral mid¬ 
brain (planes A4-A3) and in the paramedian rostral PRF 
[20] (Figs. 3.18 and 3.19). In rat too, there were 2 or 3 
times more numerous cells labeled in midbrain FTC and 
PRF, than in Ch5-Ch6 groups, after WGA-HRP injections 
in CM or CL thalamic nuclei [144]. The noncholinergic 
neurons labeled in the periaqueductal gray after the CM 
injection (Fig. 3.19) may use aspartate as synaptic transmit¬ 
ter, since injections of 3 H-aspartate into the CM-PF 
nuclear complex leads to retrograde labeling in the small¬ 
sized cells of the midbrain periaqueductal gray [153]. The 
axons of Ch5 cells form asymmetrical synaptic contacts 
with dendrites of CM-PF and CL neurons [156], 

The distribution and amount of retrogradely labeled 
brainstem reticular neurons after WGA-HRP injections in 
the rostral pole or rostrolateral districts of cat reticular thala¬ 
mic nucleus are similar to those found after tracer injections 
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Figure 3.18. Brainstem reticular projections to intralaminar, reticular (RE), and ZI thalamic nuclei of 
cat. The parasagittal section shows the thalamic nuclei where WGA-HRP was injected (CM-PF, CL-PC, 
rostral pole of RE, and ZI) and the main brainstem territories where retrogradely labeled neurons were 
found (FTC, PB, and LDT). Frontal stereotaxic planes are indicated (A4-P4). The two computer¬ 
generated graphs at top show the percentage (ordinate) of HRP + cells at various rostrocaudal levels 
(abscissa) from the total number of retrogradely labeled elements in the brainstem core. Note that the 
peak of retrogradely neurons is at A0-P2 for the CM-PF and reticular injections, that a significant pro¬ 
portion of cells was found at most rostral level (A4) of the midbrain in the case of the CL-PC injection, 
and that three peaks were found after the ZI injection (at A4-A3, P1-P2, and P4). For abbreviations, see 
legend of Fig. 3.15. From Pare et al (1988). 


in relay nuclei (Fig. 3.18). Of all retrogradely labeled 
neurons in the brainstem reticular core, 50% were also 
ChAT + . The demonstration of a substantial brainstem cholin¬ 
ergic and noncholinergic projection to the rostral reticular 
nucleus in both rat [144,154] and cat [20] settles the contro¬ 
versial issue of interspecies differences between rat and cat 
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Figure 3.19. Cholinergic and noncholinergic brainstem core neurons projections to the right CM-PF 
thalamic nuclei of cat. A, B, and C, three levels, from rostral to caudal. At each level, left column depicts 
the total number of retrogradely labeled neurons as found in five successive sections after TMB proce¬ 
dure counterstained with Neutral Red. Right column depicts the same levels, with the three types of cells 
(ChAT + , HRP + , and double labeled; see symbols in A2), as found in two sections after TMB procedure 
combined with CliAT immunohistochemistry. Right part in brainstem drawings ipsilateral to thalamic 
injection. From Pare etai (1988). 


related to the reticular thalamic nucleus (see Section 
3.1.3.1). In addition, WGA-HRP injections confined within 
the limits of the perigeniculate (PG) part of the reticular 
nucleus result in retrograde labeling in PPT and LDT 
nuclei, with 73% of PPT neurons being also ChAT + [14] 
(Fig. 3.20). Antidromic identification studies [146] 
revealed that, of three PPT cell types encountered, one 
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Figure 3.20. Cholinergic and noncholinergic brainstem reticular (RE) cells projecting to the right peri- 
geniculate (PG) sector of the reticular nuclear complex of cat. Localization of WGA-HRP injection in 
PG is depicted in the microphotograph of Fig. 2.4 in Chapter 2. LG, lateral geniculate nucleus; OT, optic 
tract. Two levels (A1 and P0.5) with the three cell types (ChAT + , HRP + , and double labeled; symbols in 
top drawing) as found on one section (WGA-HRP procedure combined with ChAT irnmunohistochem- 
istry). Localization of cells by means of a computer-assisted microscope. The areas delimitated by rectan¬ 
gles are shown at higher magnification. Modified after Smith et al (1988). 

sends axons exclusively to the LG nucleus, another to the 
PG nucleus (and/or to the overlying reticular sector sub¬ 
serving the PUL-LP thalamic nuclei), while a third group 
projects to both LG and PG nuclei, being then probably 
involved in the control of intrinsic LG inhibitory processes 
as well as the control of the recurrent inhibitory loop 
between PG and LG (Fig. 3.21). 

The upper brainstem core projections to ZI have 
been shown with anterograde [142] and retrograde [157] [157] Shammah-Lagnado 

transport techniques and in electrophysiological experi- etal( 1985). 
ments [158]. The territory of origin for brainstem-ZI [158] Steriade 

axons extends up to the PRF, but this projection exclusively (1982b). 
arises from small- and medium-sized pontine reticular cells; 
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Figure 3.21. Antidromic identification of a brainstem peribrachiai (PB) neuron with projections to the 
laminae A1 and C of the lateral geniculate (LG) nucleus, the perigeniculate nucleus (PGN) and the sec¬ 
tor of the reticular thalamic nucleus (RNT) located dorsally to the PGN. Threshold mapping; stimulus 
intensities indicated at top, in each of the three microelectrode penetrations (a, b, and c). Note different 
types of axonal termination in three microelectrode tracks: in RNT, PGN, and A1 /C interlaminar plexus 
(a); in RNT and PGN (b); and only in PGN (c). From Ahlsen (1984). 
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no giant cell was found retrogradely labeled after tracer 
injections in ZI, much the same as after injections in 
intralaminar thalamic nuclei [20]. 

The AD-AV-AM nuclear group receives projections 
from cholinergic and noncholinergic neurons of the 
upper brainstem reticular core. The anterior thalamic 
complex in cat is heavily afferented from the Ch6 group 
[137]. Indeed, the ratio between Ch5- and Ch6~labeled 
neurons after a WGA-HRP injection into AV-AM nuclei is 
1, while for all other thalamic nuclei such ratios range 
from 2 to 40. Moreover, in rat the number of labeled Ch6 
cells outnumbers that in the Ch5 group [144, 154]. 

The final corticopetal link of brainstem-thalamic 
projections was demonstrated by antidromic activation of 
thalamic intralaminar (CL-PC) neurons from cortex and 
their orthodromic, monosynaptic excitation from the 
brainstem reticular core. This has been achieved in unanes¬ 
thetized animals in which the pontine tegmentum was 
chronically lesioned to allow degeneration of passing fibers 
through the stimulated PPT region [159] (Fig. 3.22). 

Such circuits probably exist for all cortically project¬ 
ing neurons in the dorsal thalamus since there are brain¬ 
stem reticular projections from Ch5-Ch6 groups to 
virtually all thalamic nuclei and, for many nuclei, addi¬ 
tional projections arise from the noncholinergic FTC, ros¬ 
tral pontine, medullary Gc and Me fields. These ascending 
fibers must have access to cortically projecting thalamic neu¬ 
rons because they represent at least 70% of thalamic neu¬ 
rons in cat, and reach much higher proportions in the rat. 

While specific relay thalamic nuclei project over rela¬ 
tively circumscribed cortical territories, especially to mid¬ 
layers IV-III or with a trilaminar pattern (including minor 
projections to layer VI or I), two groups of nuclei project 
diffusely over the neocortex: the intralaminar CL-PC over 
layer I and VI, and the VM nucleus to the outer third of 
layer I [160]. 

The cortical projections of CL-PC and VM nuclei 
represent the required substratum for the generalized acti¬ 
vation of cortical processes by stimulating the rostral retic¬ 
ular core, since both rostral intralaminar and VM 
thalamocortical nuclei receive massive projections from 


[159] Steriade and Glenn 
(1982). 


[160] Herkenham (1979); 
Glenn et al (1982); 
Cunningham and LeVay 
(1986). 


Abbreviations: CeM, Rh, VM, and VPM, central medial, rhomboidal, ventromedial, and ventoposterome¬ 
dial thalamic nuclei. F, electrophysiological identification of CL-PC thalamic cells. 1 and 2, two different 
neurons, antidromically activated from the internal capsule (IC), motor cortex (MC), or parietal cortex 
(PC), and synaptically driven from MRF. Stimulus artifacts marked by arrowheads. In 2, only first stimu¬ 
lus of MC 3-shock train at 250/s is marked; arrow indicates fractionation of antidromically elicited 
discharges to last stimulus in MC train. Collision between cortically elicited antidromic spikes and MRF- 
evoked synaptic discharges shown in right superimposition (1) and in 10-sweep sequence (in 2). 
Modified from Steriade and Glenn (1982) and Glenn and Steriade (1982). 




Figure 3.22. Neocortical projections of intralaminar thalamic neurons and their monosynaptic excitation 
from upper brainstem reticular (RE) core in cat. A, calvarium with last recording thalamic microelec¬ 
trode (Th) and chronically implanted stimulating electrodes in pericruciate motor cortex (M), parietal 
association cortex (P), and midbrain reticular formation (MRF). EOG and EEG, silver balls for record¬ 
ing eye movements and EEG rhythms; H, electrodes for recording hippocampal rhythms. B, lesion of the 
ipsilateral pontine tegmentum for chronic degeneration of ascending systems coursing through MRF. 
Abbreviations. BC, brachium conjunctivum; BP, brachium pontis; CS, nucleus raphe centralis superior; 
IC, inferior colliculus; LC, locus coeruleus; PG, pontine gray; RPO, nucleus reticularis pontis oralis. 
C, array of stimulating eletrodes in the caudal part of the MRF, within the peribrachial (PB) area of the 
pedunculopontine nucleus; the most lateral electrode track was found in an anterior section. D, location 
of precruciate stimulating electrodes within deep layers of medial parts of areas 8 and 6. In the diagram, 
black dots indicate the whole territory of pericruciate and anterior suprasylvian gyri (various cytoarchi- 
tectonic areas are indicated). E, location of a sample of CL-PC thalamic neurons. Anti and Syn, 
antidromic and synaptic responses to stimulation of motor cortex, parietal cortex, and MRF. 
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the brainstem reticular core, their neurons make asym¬ 
metrical synaptic contact with dendritic shafts and spines 
of cortical neurons, and exert depolarizing actions upon 
their targets [161]. The excitatory nature of thalamocorti¬ 
cal neurons is also ascertained by retrograde labeling with 
transmitter-related compounds indicating that they use 
aspartate as synaptic transmitter [162]. 

As to the diffuseness of the intralaminar-cortical pro¬ 
jection, it concerns the rostral intralaminar CL-PC nuclei 
as a whole. By contrast, double-labeling experiments [163] 
and antidromic identification studies [159] indicate that a 
very small proportion of individual CL or PC neurons proj¬ 
ect to more than one cortical region, or to both the cau¬ 
date and the cerebral cortex. About 20% of single VM 
neurons that project to the insular (anterior sylvian) cor¬ 
tex send axon collaterals to the precruciate (motor) fields, 
but very few branched cells were found in other combina¬ 
tions of cortical areas examined [164]. 

Finally, a series of studies have demonstrated that the 
axon of the same mesopontine cholinergic neuron inner¬ 
vates more than one thalamic target [165], some neurons 
innervate both thalamic reticular neurons and related 
thalamocortical cells [166], and some brainstem choliner¬ 
gic neurons have dual projections to the thalamus and the 
basal forebrain [167]. 


3.4.2. Brainstem and Spinal Cord Projections 
of Mesopontine Cholinergic and 
Pontobulbar Nuclei 

3.4.2.1. Cholinergic Projections to Pontine FTG 

The natural source of cholinergic input to PRF is of 
interest for the physiology of REM sleep because microin¬ 
jection of cholinergic drugs into the PRF of the cat acti¬ 
vates a state that has, depending on the injection site, 
either all or some of the components of natural REM 
sleep, which include rapid eye movements, PGO waves, 
and a suppression of postural muscle tone with superim¬ 
posed distal muscle twitches (see Chapters 10-11). 

The LDT and PPT both provide cholinergic projec¬ 
tions to the cat PFTG [168]. Neurons of the LDT and PPT 
were double labeled utilizing ChAT immunohistochem- 
istry combined with retrograde transport of horseradish 
peroxidase conjugated with wheat germ agglutinin 
(WGA-HRP; Fig. 3.23). In LDT the percentage of cholin¬ 
ergic neurons retrogradely labeled from PFTG was 10.2% 
ipsilaterally and 3.7% contralaterally, while in PPT the per¬ 
centages were 5.2% ipsilaterally and 1.3% contralaterally 
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(Fig. 3.24). Double-labeled neurons were observed 
throughout the rostral-caudal extent of the LDT and PPT, 
and no apparent preferential topographic localization was 
observed in those nuclei. These projections and their rela¬ 
tive density have been recently confirmed in a double¬ 
labeling study [169]. 

The above study [168] also used (PHA-L) antero¬ 
grade transport technique to show that PHA-L-positive 
fibers projecting from LDT into the PFTG spread ventrally 
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Figure 3.23. Projections of mesopontine cholinergic nuclei to the gigantocellular (Gc) field of the PRF. 
A, site of WGA-HRP injection in the pontine gigantocellular tegmental field (PFTG) of the cat. B, 
double-labeled neurons (solid arrows) with both ChAT immunoreactivity and retrogradely transported 
WGA-HRP were found in the LDT together with neurons stained only for ChAT. C, higher magnification 
of three double-labeled neurons shown in upper part of B. Note the black granular HRP reaction prod¬ 
uct in the double-labeled ChAT-positive neurons (solid arrows), but not in the single-labeled ChAT- 
positive neurons near them. D, photograph of PHA-L injection site in the laterodorsal tegmental 
nucleus. E, PHA-L injection site in the pedunculopontine nucleus (pars compacta). F, labeled fine axons 
and bouton-like varicosities in the ipsilateral PFTG after PHA-L injection into the laterodorsal tegmental 
(LDT) field. Calibration bars: A, D, E = 1 mm. B = 0.1 mm. C = 0.02 mm. F = 0.01 mm. Abbreviation: 
Aq, cerebral aqueduct. From Mitani et al (1988d). 
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Figure 3.24. The distribution of LDT and PPT neurons double labeled with both retrogradely transported 
WGA-HRP and ChAT immunocytochemistry (open triangles), and single-labeled with ChAT immunocyto- 
chemistry (black dots) after PFTG injection of WGA-HRP (A to D). E , representation of the PFTG injec¬ 
tion site of WGA-HRP. Abbreviations: IC, inferior colliculus; LDT, laterodorsal tegmental nucleus; MLF, 
medial longitudina fasciculus; P, pontine nuclei; PFTG, pontine gigantocellular tegmental field; PPT, 
pedunculopontine tegmental nucleus; PT, pyramidal tract; SC, superior colliculus; scp, superior cerebellar 
peduncle; SO, superior olive; 5, trigeminal nucleus; 6N, abducens nerve. From Mitani et al (1988d). 

from the injection site and enter the ipsilateral PFTG, 
while some crossed the midline and entered the contralat¬ 
eral PFTG (Fig. 3.25, part 1). PHA-L-positive fibers and 
varicosities were also observed in the raphe nucleus and 




109 


contralateral LDT. The PHA-L positive fibers from PPT 
injections course ventromedially from the injection site 
and enter the ipsilateral PFTG, while some cross the mid¬ 
line and enter the contralateral PFTG (Fig. 3.25, part 2). 
On both sides of the PFTG, the PHA-L-positive fibers from 
both LDT and PPT give rise to bouton-like varicosities (see 
Fig. 3.23 F), suggestive of termination within the PFTG. 

As measured by the percentage of double-labeled 
cholinergic neurons, the density of cholinergic LDT to 
PFTG projections observed appears to approximate that 
of cholinergic LDT to thalamus projections in rat [144] 
where, ipsilaterally, a mean of 10% of ChAT-positive LDT 
neurons were double labeled after WGA-HRP injections 
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Figure 3.25. Part 1 (left column): distribution of labeled fibers and terminals (broken lines) after an ion- 
tophoretic injection of PHA-L into the laterodorsal tegmental (LDT) nucleus in the cat. Injection site is 
represented in A. Abbreviations: Cnf, cuneiform nucleus; R, raphe nucleus; 7N, facial nerve. Part 2 (right 
column): distribution of labeled fibers and terminals (broken lines) after an iontophoretic injection of 
PHA-L into the pars compacta of the pedunculopontine tegmental nucleus (PPT). Injection site is repre¬ 
sented in A. Abbreviation: PFTL, pontine lateral tegmental field. From Mitani et at (1988d). 
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of comparably small size in thalamus, as compared with the 
ipsilateral percentage of about 10% in the LDT-PFTG study 
in cat [168]. Cholinergic PPT to PFTG projections appear 
to be somewhat less dense than described for PPT to thala¬ 
mus in rat, where ipsilateral double-labeling averaged 22% 
of PPT neurons (range 3-47%) [144]. While the basic tech¬ 
niques of injection, processing, and counting were similar 
in the cat and rat studies, the percentages should, of course, 
be taken only as approximate comparisons of projection 
strengths, since the species were different and the size of 
WGA-HRP injections in the zones of interest varied. 

These cholinergic inputs to PFTG are likely form the 
basis of induction of REM sleep by PFTG neostigmine 
injections [170] that presumably act through the ACh 
released by these inputs. Pathology of these projections 
may be responsible for the abnormalities of muscarinic 
receptor binding in PFTG observed in canine narcolepsy 
[171] (see Chapter 13). As will be discussed later, these 
LDT/PPT projections may be important in the induction 
and maintenance of various components of normal REM 
sleep and of other behavioral states. The presence of 
LDT/PPT projections to other pontine reticular nuclei 
remains to be determined. 


[170] Baghdoyan et al 
(1985). 


[171] Boehme^aJ. 
(1984). 


3.4.2.2. Bulbar and Spinal Cord Cholinergic Projections 

Utilizing autoradiographic anterograde tracing and 
retrograde HRP/WGA-HRP techniques in conjunction 
with ChAT immunohistochemistry, a study in the rat has 
characterized the bulbar and spinal efferents from the 
mesopontine junctional region that includes the choliner¬ 
gic PPT nucleus and the noncholinergic mesopontine 
tegmentum [76]. Figure 3.26 summarizes the anatomy of 
this region and the major descending pathway. The major 


Figure 3.26. Five major descending pathways of the dorsolateral tegmentum in the rat. Part A shows 
anatomy at tritiated amino acid injection site of RC116 as indicated by heavy oblique lines; other shadings in 
inset correspond to other injection sites. Note the position of the pedunculopontine tegmental nucleus-pars 
compacta (PPTn-pc) and midbrain extrapyramidal area (MEA); arrows indicate fascicles of the commissure 
of the lateral lemniscus (DLL). Parts B-H show the five major descending pathways: (1) Probst’s tract 
descending in the dorsolateral reticular (RE) formation in close relation to the nucleus of the solitary tract 
(NTS, D-G). (2) A ventrolateral (VL) branch of Probst’s tract that extends ventrolaterally alongside the 
spinal trigeminal nucleus (SpV, C-G). (3) A ventromedial (VM) branch of Probst’s tract that extends ventro- 
medially throughout the gigantocellular field of the medulla (Gi) (C-G). This Ventromedical (VM) branch 
is often termed the “lateral tegmentoreticular tract” and contains fibers thought to be important in the mus¬ 
cle atonia of REM sleep (see Chapter 11). (4) The medial reticulospinal tract which descends in parallel with 
the medial longitudinal fasciculus (MLF) (C-E), and turns ventrolaterally along the dorsal surface of the 
inferior olive (F-G) to enter the VL funiculus of the spinal cord. (This pathway arises primarily from pontine 
tegmental fields, including the gigantocellular field (GC)). (5) A crossed VM pathway which descends in a 
ventral paramedian position through the magnocellular (Me) field of the medulla (Mgc) (B-E). All except 
the crossed VM pathway were labeled bilaterally with a strong ipsilateral predominance. Calibration 
bar = 0.5 mm for A and 1 mm for B-H. Modified from Rye et al (1988). 
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descending pathway is termed as Probst’s tract [172]. The 
VM branch of this tract courses through the pons to bulb 
where its fibers distribute to the ipsilateral bulbar Gc 
field. This VM branch closely corresponds to the “lateral 
tegmentoreticular tract” [173] and is physiologically 
important because of its role in the postural atonia in sleep 
[174]. Intracellular studies [175] have characterized a por¬ 
tion of the BFTG as involved in muscle atonia during REM 
sleep. A VM pathway crosses the midline shortly after ori¬ 
gin and descends in a ventral paramedian position 
through the contralateral bulbar Me field, but this crossing 
cholinergic pathway is apparently not critical for REM 
atonia [76]. Most of the spinal projections of this meso- 
pontine zone arise from the non cholinergic midbrain 
extrapyramidal area, but no cholinergic neurons project 
to spinal cord. Retrograde HRP studies suggest the spinal 
fibers arising from this zone course in the lateral funiculus 
(LF) [176]. 

The PPT cholinergic projection to bulbar reticular 
formation to be dense, with 18% of the cholinergic PPT 
neurons double labeled after a BFTG injection of 
WGA-HRP, with an ipsilateralxontralateral ratio of about 
2:1 [76]. Although those authors did not describe LDT as 
a significant source of projections to bulbar reticular for¬ 
mation, their Fig. 12 indicates that at least 12 LTD neurons 
were double labeled after an injection centered in BFTG, 
approximately 10% of the PPT double labeling on the 
same sections. The crossed cholinergic PPT projection to 
the MG bulbar nucleus was about one fourth as dense as 
that of the ipsilateral PPT to BFTG projection. This study 
did not evaluate the density of cholinergic projections to 
other bulbar reticular nuclei. 


3.4.2.3. Brainstem and Spinal Cord Projections 
of the Noncholinergic Pontobulbar 
Reticular Formation 

Anatomical advances have clearly characterized the 
descending pathways from the giant-cell field portion of 
the pons (PFTG) and bulb (BFTG), and have made it 
apparent that particular pathways arise preferentially from 
reticular elements of different size. It is consequently use¬ 
ful to follow this division in discussion of the pathways, for 
which we will present only the major projections, which 
are epitomized in Fig. 3.27. 

Before going into a more detailed description, we 
believe it is useful to provide the following overview. Large 
and giant neurons form the predominant source of the 
descending projections in the MLF in both the pontine 


[172] Probst’s tract 
descends in the dorsolateral 
reticular formation in close 
apposition to the nucleus of 
the solitary tract (Fig. 3.26) 
and has several branches. 

(1) A ventrolateral branch 
of Probst’s tract courses 
alongside the spinal trigemi¬ 
nal nucleus and is the pri¬ 
mary projection pathway of 
the parabrachial nucleus, 
particular the Kolliker-Fuse 
nucleus. (2) A ventromedial 
branch of Probst’s tract con¬ 
tains fibers from PPT, the 
subcoeruleus region as well 
as an adjacent portion of 
FTC that has reciprocal con¬ 
nections with entopeduncu- 
lar nucleus and substantia 
nigra (SN) and afferents 
from globus pallidus, and 
was termed the midbrain 
extrapyramidal area by Rye 
et al (1987). 

[173] The lateral tegmen¬ 
toreticular tract was 
described by Russell (1955) 
and Sakai et al (1979) as 
descending from the sub- 
coerulear region. 

[174] Both Sakai’s [173] 
and Rye’s [172] papers indi¬ 
cate the presence of a pro¬ 
jection of the ventromedial 
branch to the reticular zone 
just dorsal to the caudal two- 
thirds of the inferior olive, 
termed the “magnocellular 
tegmental field” by Sakai 
and his colleagues. However, 
Rye and coworkers suggest 
that the designation of this 
area as “magnocellular 
tegmental field” is not in 
accord with Berman (1968) 
and Kalia and Fuxe (1985), 
who indicate this is a ventral 
portion of the gigantocellu- 
lar tegmental field. While 
this may seem a trivial point, 
it is in fact not, since the 
pathway and its projection 
zone are important for 
muscle inhibition in sleep. 

[175] Chase et al (1986). 

[ 176] Tohyama et al 
(1979b); Mitani et al. 
(1988a). 
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Figure 3.27. Summary diagram of the course of the major reticulospinal pathways from the pontine FTG 
(A) and bulbar FTG (BFTG) (B). C, approximate location of the reticulospinal pathways at the Cl level. 
Pontine reticulospinal fibers (vertical lines) descend in the ipsilateral ventromedial (VM) part of the ven¬ 
tral funiculus (VF). Crossed bulbar reticulospinal fibers (horizontal lines) descend in the contralateral 
dorsolateral part of the VF. Uncrossed bulbar reticulospinal fibers (stipples) descend in the ventral part 
of the ipsilateral lateral funiculus. See text for description of the sizes of the cells of origin of each path¬ 
way. From Mitani et al (1988a). 


and the bulbar reticular formation and these projections 
descend in the spinal cord in the VF. In contrast, neurons 
of medium and small size in PFTG project primarily and 
densely to ipsi- and contralateral bulbar reticular forma¬ 
tion, especially the BFTG. Neurons of small and medium 
size in BFTG send descending axons in the LF. 

Because of the possibility of terminological confusion, 
it is also useful at this point to review the terminology asso¬ 
ciated with the midline fiber tracts of the pons and bulb, 
the trajectory taken by many reticulospinal fibers. The 
dorsal-most portion is consistently termed the medial 
longitudinal fascicle MLF and is comprised of caudally and 
rostrally coursing fibers associated with the oculomotor 
and vestibular systems (see Chapter 11). Traveling more 
ventrally in the same central white matter area are fiber 
bundles that have been termed the tectospinal tract and 
the medial reticulospinal tract, after their presumed site of 
origin, a terminology based on earlier studies and followed 
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by classic anatomical texts [177]. However, anterograde [177] Ranson and Clark 
tracing studies (Figs. 3.28 and 3.29) and intracellular HRP (1953, Fig. 153); Crosby 
injections (illustrated below) have refined our conception 145 ) ^EmotuTgeQ 4 Plates 

of the course taken by pontine and bulbar reticulospinal xxi-XXHi). 
fibers. This book, in agreement with terminological con¬ 
ventions [178], has taken the course of using the MLF as a [178] Holstegeand 
convenient terminological reference point for the pontine Kuypers (1982). 



Figure 3.28. Anterogradely labeled descending fiber course for pontine FTG WGA-HRP injection. 
Sections H, I, J, K, and L are at spinal cord Cl, 07, T5, L4, and S3, respectively. Note fibers descending 
ipsilaterally in the medial longitudinal fasciculus (MLF)—ventral funiculus (VF)—and bilaterally to the 
bulbar reticular (RE) formation. 5SP, spinal trigeminal nucleus; 7G, genu of the facial nerve; BC, 
brachium conjunctivum; BP, brachium pontis; CX, external cuneate nucleus; INT, nucleus intercalatus; 
NSg, n. supragenualis; PH, n. prepositus hypoglossi. From Mitani etal (1988a). 
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Figure 3.29. Anterogradely labeled descending fiber course for injection in bulbar FTG (BFTG). 
Sections F, G, H, I, and J are at Cl, C7, T5, L4, and S2, respectively. Note fibers descending both in the 
contralateral medial longitudinal fasciculus—ventral funiculus (VF)—and the ipsilateral bulbar reticular 
(RE) formation—lateral funiculus (LF). 12, hypoglossal nucleus; 12N, hypoglossal nerve; LR, lateral 
reticular nucleus. From Mitani et al. (1988a). 


and bulbar central white matter, while letting the data 
speak for themselves about the exact reticulospinal fiber 
course within this midline substantia alba. 

In the pons, ipsilateral VF pathways have been indi¬ 
cated by autoradiographic studies in the cat [178], opos- 
[179] Martin et al (1979). sum [179], and rat [134], and a retrograde HRP study in 
the cat [53]. Recent anterograde WGA-HRP and intracel¬ 
lular HRP injection studies in the cat [83] have provided a 
more detailed description of the fiber trajectory: PFTG 
reticulospinal fibers enter the ipsilateral MLF, descend 
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through the ventral part of the MLF in the bulb and the 
VM part of the VF in the upper cervical cord, and continue 
in the VF to all spinal levels. All studies suggest distribution 
to laminae V-X, with a main distribution to laminae VII 
and VIII. In rat, reticulospinal fibers from the PFTG 
descend not only into the ipsilateral VF but also into the 
contralateral VF; the contralateral descending fibers cross 
over dorsally to enter the contralateral MLF after leaving 
the injection site [134]. However, in an anterograde 
WGA-HRP study on cat [83], reticulospinal fibers descend¬ 
ing into the contralateral MLF-VF from the PFTG in the 
cat were only observed when the WGA-HRP deposit 
extended into levels caudal to the abducens nerve, as 
described below for BFTG. 

The initial autoradiographic study in the cat [180], as 
well as subsequent autoradiographic studies in the cat 
[178] and rat [82, 134], indicate that bulbar reticulospinal 
neurons send axons bilaterally in MLF-VF with a contralat¬ 
eral predominance. The course of BFTG reticulospinal 
fibers in the contralateral MLF-VF has been detailed with 
anterograde WHA-HRP and intracellular HRP studies 
[83] and is congruent with the findings of the previous 
studies, namely: fibers course dorsomedially to the floor of 
the fourth ventricle, cross the midline, turn caudally, 
descend in the dorsal part of the contralateral MLF, and 
then continue in the contralateral VF. Reticulospinal fibers 
in the contralateral MLF-VF descend to all spinal levels 
although they are diminished in number at lumbosacral 
levels [180]. Distribution is principally to laminae VII-VUI. 

In contrast to the large and giant neurons sending 
axons in MLF-VF, the dense PFTG-to-BFTG projections 
arose from small and medium neurons [23, 83]. The den¬ 
sity of this projection has also been seen in autoradi¬ 
ographic studies in the cat [134]. The HRP studies 
indicate that there is a slight contralateral preference and 
that the density of PRF retrograde labeling after HRP 
injections into the BFTG is approximately 3-fold greater 
in PFTG compared with other pontine reticular nuclei 
(FTP>FTL) and with the midbrain FTC [83]. A non-VF 
descending fiber system has been described in the cat 
[178, 180] and rat [82, 134] and consists of fibers descend¬ 
ing in the ipsilateral LF of the spinal cord [181]. 

The relative preponderance of reticulospinal projec¬ 
tions onto motoneurons as opposed to other spinal cord 
neurons is unknown. However, an autoradiographic/EM 
study in rat with injection zones including BFTG and mag- 
nocellularis (as well as other ventral reticular structures) 
reported evidence that more than 50% of medial reticular 
formation synaptic terminals studied in lumbar spinal cord 
contact motoneurons, and preferentially their proximal 


[180] Basbaum etal 
(1978). 


[181] While Basbaum et al 
(1978) suggested there was 
an initial course of fibers in 
MLF, Mitani et al (1988a) 
observed that the relatively 
small diameter fibers 
directly descended in BRF, 
while those descending in 
the ipsilateral MLF were 
mainly of relatively large 
diameter, findings directly 
confirmed with intracellu¬ 
lar HRP injections (Mitani 
et al, 1988c). 
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[182] Peterson (1977). 


dendrites; the motoneurons had been retrogradely labeled 
by HRP injected in the muscle [178]. Electrophysiological 
mapping of reticular projections to spinal motoneurons 
has shown the presence of several different projection 
zones within the pontobulbar reticular formation [182]. 


AFFERENT AND 
EFFERENT 
CONNECTIONS OF 
BRAINSTEM 


3.4,3, Intrinsic Cellular Morphology and 
Projections of Pontine and Bulbar 
Gigantocellular Fields 

The neuronal morphology of brainstem reticular neu- 
[183] Valverde (1961); rons has been examined by the Golgi method [80, 183]. 
Ramon-Moliner and Nauta Scheibel and Scheibel [80], using the Golgi method in 

young mammals, described neurons in the pontobulbar 
FTG region with axons that bifurcated into ascending and 
descending branches, and also gave off richly branching 
collaterals to the cranial nerve nuclei and reticular forma¬ 
tion. For many years their camera lucida drawing 
(Fig. 3.30) was often used to represent “the canonical 
reticular formation neuron,” until studies in adult animals 
found less of the exuberant axonal branching and a rela¬ 
tive paucity of neurons with both ascending and descend¬ 
ing branching. The Scheibels further suggested that the 
dendritic fields of PFTG neurons had a characteristic flat¬ 
tening in the anterior-posterior direction, which was 
described as a “poker chip” configuration. 

Morphology is of special interest in FTG because the 
giant cells are among the largest in the brain and also from 
the standpoint of whether any functional or projection spe¬ 
cialization might be indicated by size. As an example, after 



Figure 3.30. Extent of reticular neuron as depicted by the Scheibels (1958). Golgi preparation. 
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the discovery of REM-sleep related activity in this region, 
an initial speculation was that the “giant cells” served to 
convey this excitation to many regions, presupposing that it 
was the giant cells of the FTG that had the effulgent 
branching represented by the Scheibels “canonical reticu¬ 
lar neuron.” Evaluations by McCarley and coworkers of 
pontobulbar reticular neurons in the giant cell field, using 
the technique of electrophysiological recording and stimu¬ 
lation techniques combined with intracellular HRP injec¬ 
tion, have begun to allow more definitive answers about 
FTG morphology and its functional linkage, and we here 
sketch this information (unless otherwise stated, data 
described below are from Mitani et al [23, 83,181]). 


3.4.3.1. Cell Size Distribution Within the 
Pontine and Bulbar FTG 

The discussion in this section will make clear that the 
large and giant neurons in PFTG and BFTG apparently 
tend to have different functional connections (to MLF-VF) 
and an absence of collaterals. In this regard and for future 
studies, it is important to have quantitative data on the cell 
sizes in the pontobulbar FTG and the cytoarchitectural 
observations of a recent study in cats are of interest [184]. 
FTG neuronal cell bodies were classified as: (1) small, aver¬ 
age diameters <20 jim; (2) medium, <40 pm; (3) large, 
<60 pm; and (4) giant, >60 pm. The percentage of each 
size was then calculated in each of the ten 1 mm square 
areas of each brain stem. The average percentages were: 
small (57%), medium (35%), large (6%), and giant (2%). 
Thus, in general, the giant cell field has a few large 
and giant neurons that are scattered among many small 
and medium neurons (for the prevalence of small- and 
medium-sized cells in the conventionally termed pontine 
giant cellular field, see also [18]). While the absolute values 
of the soma sizes will vary somewhat (perhaps 10-20%) 
with differences in anatomical and measurement tech¬ 
nique, and hence the boundary values listed here should 
not be taken as rigid absolutes, it is likely true that the rela¬ 
tive proportions of neurons of different sizes is accurate, 
and should be taken into account in modeling function 
and interpreting results. For example, because of the sam¬ 
pling bias of microelectrodes for medium-to-large neurons, 
we know much more about the physiology of medium-to- 
giant neurons than the numerous small neurons in FTG. 

3.4.3.2. Morphology of Pontine FTG Neurons 


[184] On Nissl-stained 
sections, 1 mm square areas 
of FTG were randomly 
selected at every 1 mm 
distance from posterior 
2.0 mm to posterior 
11.0 mm, and the dia¬ 
meters of all FTG neuronal 
cell bodies with a nucleolus 
were measured. 


The morphology of reticuloreticular pontine neurons 
(antidromically identified from the bulbar reticular 
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[185] Igusa et al (1980); 
Sasaki and Shimazu (1981). 


[ 186] I to and McCarley 
(1984). 


formation) and of reticulospinal pontine neurons was 
recently studied by means of intracellular HRP injections. 
The pontine reticular neurons projecting to bulbar reticu¬ 
lar fields have soma diameters (mean, 40 pun) smaller 
than reticulospinal neurons (—60 pun), thinner axons, 
and smaller, slighdy oblate dendritic fields. Quantitative 
data indicated that, by contrast to previous Golgi studies 
on young mammals [80,183] who assumed that the reticu¬ 
lar dendritic field is flattened in the anteroposterior plane, 
the mean anteroposterior extent of the dendritic field of 
intracellularly stained pontine reticular cells in the adult 
cat is at least 16% less than the dorsoventral and mediolat- 
eral extents. While no reticulospinal cell has axon collater¬ 
als, 36% of pontobulbar reticular neurons have axon 
collaterals projecting to the ipsilateral abducens nucleus 
or the adjacent pontine GC field. The collaterals to the 
abducens nucleus may be involved in the generation of 
horizontal saccades [185], while the collaterals to the adja¬ 
cent pontine reticular fields and the bulbar reticular for¬ 
mation may subserve the spread and maintenance of 
membrane depolarization in the reticular population dur¬ 
ing the REM-sleep state [186]. 
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[187] Both neurons illus¬ 
trated in Figs. 3.31 and 3.32 
were antidromically acti¬ 
vated from stimulating elec¬ 
trodes placed in ipsilateral 
bulbar MLF. Most PFTG 
neurons sending axons in 
iMLF have large 
ellipsoid-polygonal somata 
(mean: 60 pm) and thick 
axons (average diameter, 

3 pm). Slightly oblate, 
large dendritic fields are 
also typical, with mean 
anteroposterior extent of 
1,500 pm, a mean medio 
lateral extent of 1,800 pm 
and a mean dorsoventral 
extent of 1,600 pm. 


3.4.3.3. Pontine FTG Neurons Sending Axons in the 
Ipsilateral MLF 

Figure 3.31 is a composite photomicrograph of an 
intracellularly HRP-labeled giant cell neuron in PFTG. 
The ellipsoid-polygonal soma measures 100 X 50 pun 
(long X short axis) with an average soma diameter of 
75 pun; even in the photograph, dendritic field diameter is 
seen to extend some 2 mm in the dorsoventral and medio- 
lateral directions. Such HRP-stained neurons are clearly 
visible in sections viewed without the aide of a microscope. 
Figure 3.32 shows a camera lucida reproduction of another 
giant cell with soma measurements of 103 X 41 pirn 
(mean = 72 pun) and a dendritic field diameter of about 
2 mm with the axonal course in ipsilateral MLF labeled in 
part B. [187]. No neurons sending axons in MLF were 
observed to have axon collaterals. 

3.4.3.4. Pontine FTG Neurons Sending Axons Directly 
to Bulbar Reticular Formation 

Figure 3.33 is a camera lucida drawing of horizontal sec¬ 
tion with a PFTG neuron whose axon projects directly to 
BRF and does not collateralize. The neuron was of medium 
size (mean soma diameter 38 pirn), with an axon diameter of 
1.6 pun. The dendritic field, although large, is only 10% 
reduced in the anteroposterior direction (1,400 pun) as 




Figure 3.31. Composite photomicrograph of brain stem (frontal section) showing an intracellularly 
stained large PFTG neuron (a) with axon entering MLF. Note the axon courses caudodorsomedially in 
the PFTG and enters the ipsilateral MLF at a level near the genu of the facial nerve (7G). Note the large 
extent of the dendritic field, over 2 mm. IV, fourth ventricle. From Mitani e.t al. (1988b). 


compared with the mediolateral direction (1,500 jxm), and 
hence does not resemble a “poker chip.” Figure 3.34 shows 
another PFTG neuron whose axon courses directly into BRF; 
this axon like that of 36% of the BRF neurons, was collateral¬ 
ized, in this case with projections to abducens nucleus. 
Overall PFTG neurons whose axons projected directly to 
BRF had, in comparison to those with axons in MLF, smaller 
ellipsoid-polygonal somata (mean, 40 |xm), thinner axons 
(average diameter, 2.3 jxm), and slightly smaller dendritic 
fields, with a mean anteroposterior extent of 1,300 jxm, a 
mean mediolateral extent of 1,500 jxm and a mean 
dorsoventral extent of 1,200 jxm. All of these neurons were 
antidromically activated from BFTG, but not from MLF. 
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Figure 3.32. Camera lucida drawing of pontine FTG neuron sending its axon in ipsilateral MLF (frontal 
sections); the cell body, dendrites, and proximal axon shown in (A) and neuronal location and axon 
course in (B). Note the large ellipsoid-polygonal cell body (major axis, 103 pm and minor axis, 41 pan 
with average diameter, 72 pm) with the major axis slanted from dorsomedial to ventrolateral. The den¬ 
drites were nonspiny and had extensive branching. The dendritic field was large, extending 2,100 pm in 
the M-L direction and 2,030 pan in the D-V direction; the axis of the dendritic field was tilted from dor¬ 
somedial to ventrolateral (VL). The axon (solid arrows in A and B) originated from the cell body, ran 
dorsomedially, then turned caudally into the ipsilateral MLF and descended toward the spinal cord (B). 
No axon collaterals were observed. The average axon diameter was 3.3 pm. Abbreviations: P (posterior) 
5.0 mm, 6.0 mm, and 9.0 mm are frontal coordinates of labeled neuron and axons in Berman’s atlas (the 
plane of this section ran 40° caudal to the Berman perpendicular plane). SO, superior olivary nucleus. 
From Mitani etal. (1988b). 


[188] Grantyn et al. (1980, 
1988). 

[189] Strassman et al 
(1986). 


The trsyectories of axon collaterals of the above two 
PFTG-to-BRF neurons which projected to the ipsilateral 
abducens nucleus resembled those of HRP-stained reticu¬ 
lar neurons in the cat [188], HRP-intraxonally-stained 
reticular neurons in the monkey [189], and Golgi-impreg¬ 
nated neurons in young mice (see Fig. 31, neuron b, in 
[80]). However, intracellularly labeled PFTG neurons with 
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Figure 3.33. Camera lucida drawing of pontine FTG neuron with axon descending in BRF but not in 
MLF (horizontal section). This neuron had an ellipsoid-polygonal cell body of medium size (major axis, 
45 jim and minor axis, 31 pm with average diameter, 38 pm). The dendrites were nonspiny. The den¬ 
dritic field extended 1,360 pm in the A-P direction and 1,520 pm in the M-L direction. The axis of the 
longest extent was tilted from medial to lateral. The axon (solid arrows in A and B) originated from the 
dendritic trunk, and after curving laterally for a short distance coursed caudally and entered the BRF. No 
axon collaterals were observed. The average axon diameter was 1.6 pm. H —4.9 mm is the horizontal 
coordinate of labeled neuron in Berman’s atlas (this horizontal plane of section approximately parallel 
to floor of IVth ventricle). From Mitani et al (1988b). 

projections to both the abducens nucleus and the spinal 
cord [188] were not observed. As described in Chapter 11, 
the Grantyn’s data [188] were from a physiologically 
selected and specialized population. Since the anterograde 
WGA-HRP study by Mitani et al [83] also found that fibers 
of PFTG neurons descending in the BRF could not be 
traced as far as the spinal cord, it is likely that the neurons 
described by Grantyn and colleagues may be relatively few. 
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Figure 3.34. Camera lucida drawing of a pontine FTG neuron with axon descending in BRF but not MLF 
(parasagittal section). This neuron had an ellipsoid-polygonal cell body of medium size (major axis, 
55 pm and minor axis, 39 jjim with average diameter, 47 pm). The dendrites were nonspiny. The den¬ 
dritic field extended 1,350 pm in the A-P direction and 1,470 pm in the D-V direction, and the axis of 
the longest extent was tilted slightly from dorsocaudal to ventrorostral. The axon (solid arrows) origi¬ 
nated from the dendritic trunk, and coursed dorsally for a short distance, then turned caudally and 
entered the BRF. Axon collaterals originated from the main axon (solid triangles in A) and projected 
into the ipsilateral abducens nucleus (B). Average main axon diameter was 1.7 pm and average axon col¬ 
lateral diameter was less than 1.0 pm. LI.2 mm is parasagittal coordinate of labeled neuron (Berman’s 
atlas coordinate). TV, ventral tegmental nucleus. From Mitani et al (1988b). 


[190] The major axis of 
those neurons was angled 
from dorsomedial to ventro¬ 
lateral in frontal sections 
(67%), from dorsocaudal to 
ventrorostral in parasagittal 
sections (76%), and from 
medial to lateral in horizon¬ 
tal sections (91%). The find¬ 
ing in frontal sections agrees 
with previous work by 
Newman (1985) , while pref¬ 
erences in parasagittal and 
horizontal sections had not 
previously been studied. 

[191] Edwards etal 
(1987). 


A specific orientation preference of the major soma 
axis was present only in PFTG-to-iMLF neurons [23, 190]. 

3.4.3.5. Dendrites 

The findings that PFTG dendrites repeatedly gave off 
two or three branches and extended for long distances are 
in agreement with data from Golgi studies [25, 80, 183]. 
The “dendritic index” is defined by dividing the total num¬ 
ber of terminal branches by the total number of trunks 
[191] and, when high, indicates a high degree of branch¬ 
ing. The dendritic indices were high for both PFTG-to- 
iMLF neurons (mean = 16) and for PFTG-to-BRF neurons 
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(mean = 14) and did not significandy differ, but were 
higher than for some bulbar reticular neurons (see below). 

3.4.3*6. Morphology of Bulbar FTG Neurons 

As was true for PFTG neurons, it was found that BFTG 
neurons with axons traveling in MLF had somata that were 
predominandy in the large-giant size range, and, also like 
the PFTG, had axons that did not collateralize [192]. The 
BFTG-toiMLF neurons closely resembled the PFTG-to-iMLF 
neurons with large ellipsoid-polygonal somata (mean, 
60 jxm), thick axons (average diameter, 3 (xm), mostly non- 
spiny dendrites and dendridc fields that were only slighdy 
flattened in the anteroposterior direction. The BFTG-to- 
cMLF neurons were similar in somata size (mean, 57 |xm), 
and in having thick axons (average diameter, 3 jxm) and 
mosdy nonspiny dendrites (Fig. 3.35 and 3.36) [193]. 


[192] Mitani et al (1988c). 

[193] The BFTG-to-cMLF 
neurons were however dif¬ 
ferent from both pontine 
and bulbar neurons send¬ 
ing axons in iMLF in that 
BFTG-to-cMLF neurons 
had dendritic fields flat¬ 
tened in the anteroposte¬ 
rior direction, where mean 
extent was 1,100 {Jim, com¬ 
pared with 1,700 pm in the 
mediolateral direction, and 
1,400 {Jim in the dorsoven- 
tral direction. The mean 
anteroposterior extent was 
thus 32% and 20% less 
than the mean mediolat¬ 
eral and dorsoventral 
extents, respectively. 



' 200 » m 


Figure 3.35. Composite photomicrograph showing an intracellularly stained bulbar FTG (BFTG) 
neuron with axon descending in cMLF. This frontal section shows a neuron whose axon (solid arrows) 
coursed dorsally and entered the ipsilateral MLF, then turned medially and crossed the midline to 
descend in the dorsomedial part of the contralateral MLF. IV, fourth ventricle; M, medial; MLF, medial 
longitudinal fasciculus. From Mitani et al (1988c). 
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Figure 3.36. Camera lucida drawing of bulbar FTG (BFTG) neuron with axon descending in cMLF 
(horizontal section). Note the ellipsoid-polygonal soma (major axis, 62 pm and minor axis, 38 pm with 
average diameter 48 pm) and slant of the major axis from medial to lateral. The dendritic field extended 
1,330 pm in the A-P direction and 2,230 pm in the M—L direction; the longest extent of the dendritic 
field was mediolateral. The axon originated from the soma and coursed dorsally while curving (corre¬ 
sponding to the part between the two solid arrows in A), then turned medially (double-headed arrow in 
A), entered the ipsilateral MLF (arrow), crossed the midline (solid arrow in B) and descended in the 
medial part of the contralateral MLF toward the spinal cord. No axon collaterals were observed. The 
average axon diameter was 3.1 pm. Abbreviations: H(horizontal) “5.3 mm and —7.3 mm are horizontal 
coordinates of labeled neuron and axon in Berman’s atlas (horizontal plane of section approximately 
parallel to floor of fourth ventricle). 7N, facial nerve; CN, cochlear nerve. From Mitani et al. (1988c). 


3.4.3.7. Bulbar FTG Neurons Sending Axons into 
the Ipsilateral Bulbar Reticular Core 

Compared with bulbar and pontine iMLF and cMLF 
neurons, most BFTG-to-iBRF neurons had smaller ellipsoid- 
polygonal somata (mean, 39 pm) and thinner axons (aver¬ 
age diameter, 1.8 pm) and dendritic fields that were flat¬ 
tened in the anteroposterior direction, where mean extent 
was 1,200 pm, 35% and 30% less than the mediolateral 
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mean extent of 1,900 juim, and the mean extent of 1,800 pm 
in the dorsoventral direction, respectively. 

In contrast to neurons sending axons in cMLF and 
iMLF, axon collaterals were present in BFTG-to-iBRF neu¬ 
rons, and were much more frequent than in PFTG-to- 
BFTG neurons. 73% of BFTG-to-iBRF neurons have axon 
collaterals. Bifurcated axon collaterals with both anterior 
and posterior projections were also common in the BFTG- 
to-iBRF neuronal population, being present in about half 
of BFTG-to-iBRF neurons (Fig. 3.37). In these neurons 
antidromic spike potentials were elicited by stimulation of 
the ipsilateral PFTG. 




Figure 3.37. Camera lucida drawing of a bulbar FTG (BFTG) neuron with axon descending in iBRF and 
with extensive collaterals (parasagittal section). This neuron had an ellipsoid-polygonal soma of 
medium size (msyor axis, 39 jxm and minor axis, 20 pm with average diameter, 30 jxm). The dendrites 
were nonspiny. The dendritic field extended 1,170 jxm in the A—P direction and 1,610 jxm in the D-V 
direction, and the axis of the longest extent was tilted slightly from dorsocaudal to ventrorostral. The 
axon originated from the dendritic trunk, and coursed anteriorly for a short distance (double headed 
arrow in A), then bifurcated (open arrows) into an ascending branch (solid triangles in A and B) and two 
descending branches (solid arrows in A and B); the ascending axon entered the pons and the descend¬ 
ing axons descended in the bulbar reticular (RE) formation. Both ascending and descending axonal 
branches gave off dorsally coursing axon collaterals (B) (some of them are indicated by small arrows in A). 
From Mitani et al (1988c). 



The “dendritic index” (defined above) was smaller in 
BFTG neurons (means of cMLF, iMLF, and iBRF 
neurons = 8, 7, and 9, respectively) than in PFTG neurons 
(means of two types of PFTG neurons =16 and 14). These 
results indicated that BFTG neurons had fewer branching 
dendrites, and were similar to those reported for bulbar 
reticular neurons near the raphe magnus [191]. 
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[194] Drew et al (1986). 


[195] However, a tendency 
toward A-P flattening, 
although not quite as 
strong as in the Scheibels’ 
material [80], was present 
in the BFTG-to-cMLF and 
BFTG-toiBRF neuronal 
classes of BFTG neurons. 
The mean anteroposterior 
extent of the BFTG-to- 
cMLF and BFTG-to-iBRF 
neurons is 31% and 35% 
less than their respective 
mean mediolateral extent 
and 20% and 30% less than 
their respective mean 
dorsoventral extent. In con¬ 
trast, dendrites of BFTG-to- 
iMLF neurons showed only 
a small trend to anteropos¬ 
terior flattening, less than 
16% and thus less than half 
of that seen in cMLF and 
iBRF neurons and similar 
to that of PFTG neurons. 


3.4.3.8. General Comments on Morphology 

The large neurons with large and noncollateralized 
axons coursing in the MLF and the VF would seem ideally 
suited for rapid, secure transmission of information. The 
phylogenetic homology is of course with the Mauthner 
neurons and other giant reticulospinal neurons of fish 
and other lower vertebrates. These large neurons with 
axons in VF may be involved in locomotion. A study of 
bulbar medial reticular formation neurons (most within 
FTG) in alert cats during treadmill walking showed that it 
was the neurons antidromically identified as reticu¬ 
lospinal by stimulation of ventral cord at L2 that showed 
predominance of EMG- and locomotor-related dis¬ 
charge; those neurons had high conduction velocities 
(approximately 100 m/s), compatible with a large soma 
size [194]. In contrast, neurons of smaller and medium 
size neurons in both PFTG and BFTG appear to be the 
carriers of reticuloreticular information, in addition to 
their other targets. It should be emphasized that there is 
some overlap of soma size of PFTG- and BFTG-to-MLF 
neurons with neurons sending axons in BRF; in the stud¬ 
ies cited this was about 10% and thus the size distinctions 
are not absolute. 

Although Golgi studies of young mammals indicate 
that the reticular dendritic field was flattened in the 
anteroposterior plane, and assumed a nearly two-dimen¬ 
sional configuration described as resembling “poker 
chips” [80], the quantitative data of the HRP intracellular 
study in adult cats, described above, modify these conclu¬ 
sions. In PFTG, there is only a tendency to a “poker chip” 
configuration in a few neurons. The mean anteroposterior 
(A-P) extent of the population of PFTG neurons was only 
16% less than the mean dorsoventral (D-V) and 3% less 
than the mean mediolateral extent. Furthermore, only 
15% of PFTG neurons showed a flattening of the antero¬ 
posterior dendritic fields that was between 30-39%, a 
degree of flattening much less than shown in Figure 3 in 
[80]. In fact, the dendritic field extent of 19% of PFTG 
neurons was slightly longer in the A-P direction than in 
the mediolateral or D-V direction [195]. 
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With respect to the extent of collateralization of FTG 
neurons, it is of interest that double-labeling experiments 
have shown that only relatively few (<4%) BFTG neurons 
project both to spinal cord and cerebellum, or both to 
cerebellum and diencephalon, or both to spinal cord and 
diencephalon [196]. This is also in accord with the older 
physiological studies [197]. This paucity is, however, in 
marked contrast to the 55% of non-MLF projecting BFTG 
axons that had bifurcating collaterals, and suggests that, in 
the adult, the neurons with bifurcating collaterals have 
one branch that is shortened, that is, terminates before 
arrival in diencephalon or spinal cord. Our supposition 
from the intracellular HRP data is that it is the rostral 
branch that ascends only a relatively short distance. Given 
the strong tendency of bulbar neurons to project to the 
spinal cord, the observation of “frequent” double labeling 
of BFTG neurons from midbrain and spinal cord is of 
interest [134]. The actual axonal BFTG-to-PFTG tracings 
with bouton-like terminations, the presence of antidromic 
activation of BFTG neurons from PFTG, and the 100% 
monosynaptic excitatory responsiveness of PFTG neurons 
to BFTG microstimulation [23, 192] lead to the inference 
that pontine FTG neurons are heavily innervated by the 
class of BFTG neurons with ascending collaterals. 


3*5. Efferent Connections of 

Monoamine-Containing Neurons 

3.5.1* Norepinephrinergic Systems 

Norepinephrine (NE)-containing neurons are located 
in the pons and medulla, with about 60% of them in the 
LC-subcoeruleus complex. In rat, the LC almost exclusively 
consists of NE elements, contains about 1,500 neurons, and 
is divided into a ventral part with multipolar neurons and a 
dorsal part with smaller-size, densely packed fusiform cells 
[198]. Colocalization of TH immunoreactivity with neu¬ 
ropeptide Y-immunoreactivity was recently found in approx¬ 
imately 23% of rat’s LC neurons [199]. In cat, the LC is 
more loosely arranged, with an LC proper (corresponding 
to the dorsal compact part of the rat LC, and containing 
about 5,300 NE cells on each side), and more scattered NE 
cells extending into the parabrachial nucleus and the sub- 
coeruleus and Kolliker-Fuse nuclei [200]. 

The rostral projections of NEergic cells ascend mostly 
ipsilaterally via the dorsal tegmental bundle, with a minor 


[ 196] Martin and Waltzer 
(1984a, b); Waltzer and 
Martin (1984). 

[197] Magni and Willis 
(1963); Eccles et al (1975). 


[198] Swanson (1976); 
Grzanna and Molliver 
(1980). 

[199] Holets^a/. (1988). 


[200] Wiklund et al 
(1981); Bjorklund and 
Lindvall (1986). 



[201] Lindvall and 
Bjorklund (1974); Pickel 
et al. (1974); Foote et al. 
(1983). 


[202] Swanson and 
Hartman (1975). 


[203] Morrison and Foote 
(1986). 


[204] Morrison et al. 
(1981). 

[205] Jones and Moore 
(1977). 

[206] Sakaguchi and 
Nakamura (1987). 


[207] Levitt and Moore 
(1978); Lindvall et al. 
(1978). 

[208] Morrison et al. 
(1982). 


[209] Aston Jones et al 
(1980) ;Nakazato (1987). 


projection taking a ventral course. In the midbrain, the 
bundle gives off collaterals to the ventral tegmental area, 
dorsal regions of the FTC, and inferior and SC. Most of the 
ascending NE fibers enter the medial forebrain bundle at 
the caudal diencephalic level and enter the thalamus via 
the retroflex bundle or the mammillothalamic tract, while 
other fibers ascend along the ZI and radiate within the 
internal and external medullary laminae. NE fibers dis¬ 
tribute to various hypothalamic areas, thalamic nuclei, sep¬ 
tum, amygdala, hippocampus and pyriform cortex, and 
neocortical areas [201]. 

In contrast with the congruent results on the cholin¬ 
ergic innervation of different thalamic nuclei in rat, cat, 
and monkey (see Section 3.4.1), the density of NE projec¬ 
tions to the thalamus greatly varies from nucleus to 
nucleus and from species to species. While the LG thala¬ 
mic nucleus of rats is one of the most important targets of 
LC nucleus, the associative visual thalamic nuclei (pulv- 
inar and LP) only receive a sparse to moderate NE input 
[202]. A reverse picture is seen in some primates (squirrel 
monkey and cynomolgus monkey) that display a striking 
paucity of NE fibers in the LG nucleus, while pulvinar and 
LP thalamic nuclei are densely innervated; the thalamic 
reticular nucleus is very densely innervated throughout its 
extent [203]. 

The corticipetal NE fibers have been found to leave 
the main bundle at rostral hypothalamic levels, to con¬ 
tinue their course up to the frontal lobe, and to distribute 
caudally for the entire length of the hemisphere [204]. 
Earlier autoradiographic studies [205] and antidromic 
identification experiments [206] indicate, however, that 
some fibers originating in the LC nucleus reach the occipi¬ 
tal lobe without coursing through the frontal lobe. The 
interspecies differences that characterize NE projections 
to the thalamus are also observed in the cerebral cortex, 
and the degree of regional and laminar variation increases 
with the phylogenetic development. Thus, while the NE 
innervation of rat’s neocortex is quite constant through¬ 
out the cortex and the axons seem to ramify in all layers 
[207], marked laminar variations are seen in striate and 
extrastriate cortices of primates [208]. In particular, sud¬ 
den changes in the density and laminar profiles of NE 
fibers are seen by passing from area 17 to area 18: in area 
18, a distinct lamination pattern emerges, with the highest 
density of NE axons in layers III and V, and the lowest den¬ 
sity in layers I and IV [203]. Antidromic activation of rat’s 
LC neurons can be elicited from many target cortical areas 
and most LC-cortical axons conduct with wide range and 
very low (<0.6 m/s) velocities [209], suggesting thin non¬ 
myelinated fibers, but a significant population of monkey’s 
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LC neurons was found to exhibit conduction velocities 
greater than 1 m/s [210]. 

A very low proportion of NE axons were seen to be 
engaged in genuine synaptic relations and it was postu¬ 
lated that NE is released in a neurohumoral type, over 
great distances, like in the peripheral nervous system 
[211]. Similar findings were reported for distribution of 
cholinergic axons in neocortex [212]. Probably, synaptic 
and nonsynaptic release coexist [213]. 

The descending projections of LC neurons run dorso- 
medially in the pontine tegmentum and varicosities are 
present in PRF, including giant cell field. A lateral group 
enters the cerebellum through the brachium conjunc- 
tivum and the fibers terminate in the molecular layer as 
well as around the Purkinje cells [214]. In the pons and 
medulla, the prime targets of LC axons are sensory nuclei, 
namely, the pontine gray nuclei, the cochlear nuclei, and 
the principal sensory trigeminal nucleus [215]. The pro¬ 
jections to the spinal cord originate in the ventral part of 
the LC and in nucleus subcoeruleus, descend in the ven¬ 
tral and VL funiculi, and distribute bilaterally to the ven¬ 
tral horn, intermediate gray, and ventral part of the dorsal 
horn [216]. 

A significant proportion of LC cells give rise to axons 
that collateralize to different structures. About 10% to 
30% of LC neurons are double labeled when one fluores¬ 
cent tracer is injected in the spinal cord and the other one 
into the cerebellum, cortex, or thalamus [217]. 


3.5.2. Serotonergic Systems 

The serotonergic (5-HT) neurons are located in the 
brainstem raphe system that consists, at midbrain-pontine 
levels, of the CS (or medianus), linearis, and dorsalis 
nuclei; at pontobulbar levels, it comprises the magnus, 
obscurus, and pallidus nuclei [218]. 

The heterogeneity of raphe nuclei, with both 5-HT 
and non-5-HT neurons, was repeatedly emphasized [219]. 
The heterogeneity of the DR nucleus is reflected in the dif¬ 
ferent firing patterns, electrophysiological properties, and 
morphology of its constituent neurons. Aghajanian and 
coworkers [219] have initially distinguished three types of 
DR neurons: type 1 are medium-sized 5-HT cells (disap¬ 
pearing in animals treated with the selective toxin 5,7- 
dihydroxytryptamine, 5,7-DHT), with spontaneous firing 
rates of 0.5-1.5 Hz; type II cells (almost silent) and type III 
(rapidly firing) are still recordable in experiments after 
lesions produced by 5,7-DHT, and are probably non-5-HT 
neurons. Rapidly firing neurons (100-130 Hz) have been 
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recently recorded intracellularly, stained with HRP, and 
compared to slowly firing neurons [220]. The action 
potentials of rapidly firing cells have a repolarization that 
is about five times faster than that in slowly firing 5-HT 
cells. Intracellular labeling revealed that type III fast¬ 
discharging DR neurons have small (10-15 pm) somata 

[220] , similar to GABAergic neurons of the DR nucleus 

[ 221 ] . 

The ascending projections originate in DR and CS 
nuclei. The major organizational features of the ascending 
raphe projections to the hypothalamus, diencephalic 
periventricular gray, striatum, globus pallidus, diagonal 
band nuclei, septum, hippocampus, and glomerular layer 
of the olfactory bulb, have been revealed in the rat by 
light-microscope autoradiography after intraventricular 
administration of tritiated 5-HT [222]. The CS raphe pro¬ 
jections to septum and hippocampus of rat have also been 
identified by antidromic invasion, and the results showed 
conduction velocities of 0.8 m/s as well as branching 
axons to both the fornix and the medial septum [223]. An 
autoradiographic study of efferent raphe projections in 
cat disclosed some differences between DR and CS nuclei, 
with preferential DR projections to striatum, amygdala, 
pyriform lobe, and olfactory bulb, while CS nucleus was 
found to project rather selectively to the mammillary body 
and hippocampus [224], 

The axons issuing from DR and CS nuclei ascend to 
the thalamus mostly along the retroflex bundle, the mam- 
millothalamic tract, and stria terminalis. The 5-HT projec¬ 
tions to the rat thalamus have been demonstrated by 
combining retrograde transport techniques with 5-HT 
immunohistochemistry [225]. The thalamically projecting 
neurons are confined within the lateral DR wing. The 
highest density of the 5-HT innervation is found in the 
ventral part of the LG nucleus and the intrageniculate 
leaflet, while other thalamic nuclei display low to moder¬ 
ate density of 5-HT fibers [226]. The low density of 5-HT 
fibers in the rat thalamus is paralleled by low levels of the 
two types of 5-HT receptors [227]. In cat, DR cells with 
projections to the LG nucleus are not restricted to a partic¬ 
ular sector of the DR nucleus [14, 145], and the density of 
5-HT fibers is moderate to high in the ventral part of the 
LG and intralaminar nuclei, but rather low in A and C lam¬ 
inae of the LG nucleus [228]. In primates, it was found a 
relatively uniform distribution of 5-HT fibers in various 
visual thalamic nuclei, which was at variance with the 
marked nuclear variations of NE fibers [203], 

The 5-HT fibers that reach the cortex traverse the 
septum, sweep around the genu of the corpus callosum, and 
continue in the cingulum. In rat, the 5-HT innervation does 
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not display regional differences or laminar preferences 
[229], whereas in primates 5-HT fibers are concentrated in 
layer IV of striate area 17 and are homogenously distributed 
in area 18 [203, 208]. In both rat and monkey, 5-HT inner¬ 
vation of the cerebral cortex is denser than the NE input. At 
this time, the innervation of cat cerebral cortex has not 
been systematically studied with immunohistochemistry. 
Biochemical investigations indicate that the highest concen¬ 
tration of 5-HT is in the pyriform cortex and the lowest in 
the visual cortex of cat [230]. 

The descending projections of DR and CS are mostly 
directed to pontine and bulbar core structures, while the 
5-HT projections to the spinal cord derive from magnus, 
obscurus, and pallidus raphe nuclei [231]. 


3,5.3. Dopaminergic Systems 

The DA-containing brainstem neurons are grouped in 
the substentia nigra pars compacta (SNc) or A9 group, the 
ventral tegmental area (VTA) or A10 group, the retrorubral 
(RR) area corresponding to group A8, and the periaqueduc¬ 
tal gray (PAG) thought to be a caudal extension of group 
All [232]. Extensive interconnections are established 
between SNc, VTA, and RR cell-groups [233] that may inte¬ 
grate the forebrain projections of the DA aggregates. 

The use of a polyclonal antibody raised against 
DA-glutaraldehyde-lysil-protein conjugate [234] helped 
to describe the distribution and fine morphological 
features of the SNc, VTA, RR, and PAG cell-groups in the 
squirrel monkey and to study the rostral projections of 
immunocytochemically identified DA neurons in the 
rat[235]. 

The thalamus is largely bypassed by DA axons. As clas¬ 
sically known, axons from SNc project to the striatum. 
Retrograde double-labeling studies in squirrel monkeys 
point to a complex mosaic pattern of SNc cell-clusters that 
project either to the caudate or to the putamen [236]. The 
VTA efferent connections distribute caudally to various 
districts of the brainstem core and to the spinal cord, while 
rostrally they are mostly directed toward the septohip- 
pocampal complex, amygdala, accumbens, bed nucleus of 
stria terminalis, and prefrontal (pregenual) and insular 
(suprarhinal) cortices [112]. Distinctly from SNc single 
axons that are highly collateralized to telencephalic target 
structures, VTA neurons are predominantly single labeled 
after injections of three retrograde tracers into the cau- 
date-putamen, septum, and frontal cortex [237]. Finally, 
the RR group contributes to the dorsal mesostriatal path¬ 
way in rodents [238] and cat [20]. 
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The cerebral cortex is innervated by tuberomammil- 
lary, presumably histaminergic (HA), neurons [239], but 
only a small proportion (5%) of such cells project to widely 
separated cortical areas [240]. Varicose HA fibers innervate 
layer I in human frontal and temporal cortices [241]. The 
tuberomamillary neurons projecting to cortex are probably 
unmyelinated as antidromic identification of presumptive 
HA neurons showed that these cells have conduction veloci¬ 
ties at 0.3-0.5 m/s [242]. Cortically projecting GABAergic 
neurons are also found within the tuberommillary nuclei 
and 5-HT cells within the same region project bilaterally to 
neocortex [239]. 

Posterior hypothalamic neurons project to the MD 
thalamic nucleus [137, 243] and immunocytochemical 
mapping studies showed HA fibers in dorsal thalamic 
nuclei, including the LG [244] where they innervate most 
densely the ventral LG, while A laminae are sparsely 
labeled and C laminae as well as the PG (RE) nucleus dis¬ 
play intermediate amounts of label [245]. Very few, if any, 
conventional synapses are found in other structures where 
numerous HA profiles were examined [246]. 

The descending projections from the posterior hypo¬ 
thalamus to the LC, rostral midbrain reticular formation, 
and mesopontine cholinergic neurons [247] provide link¬ 
ages between major supramesencephalic and brainstem 
activating systems. HA excites neurons in the mesopontine 
cholinergic neurons [248], an action mediated by HA^ 
receptors that promotes thalamocortical activation during 
wakefulness [249]. 


3,6. Efferent Connections of Basal 
Forebrain Nuclei 

3,6.1. Cortical Projections 

Anterograde tracing and immunohistochemical 
methods have revealed that the cholinergic projections 
from the NB and diagonal band nuclei distribute to the 
frontal, parietal, temporal, occipital, cingulate, and 
entorhinal areas [250], with a topographical organization 
similar in nonhuman primates and humans [251]. There 
are widely divergent axonal collaterals of NB cells in cortex 
[252], but also evidence for a certain degree of topograph¬ 
ical arrangements in this pathway [253]. In the cerebral 
cortex of different species, the distribution of ChAT + 
axons displays interareal differences, with concentration 
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in laminae that mainly characterize each area, such as deep 
layers V-VI in motor cortex, mid-layers III-IV in primary 
sensory cortices, and supragranular layers II—III in associa- 
tional areas [254]. The majority of cholinergic synapses in 
cortex are of symmetric type and they contact apical and 
basal dendrites of pyramidal-shaped cells as well as local 
interneurons [255]. 

In addition to cholinergic cells, NB also possesses 
GABAergic neurons that were found to terminate in an 
overwhelming proportion on dendritic shafts of cortical 
GABAergic local-circuit neurons [256]. Thus, the NB- 
elicited activation of neocortex implicates a direct cholin¬ 
ergic excitation of pyramidal neurons [257] and their 
disinhibition through GABAergic inhibition of inhibitory 
interneurons. 

Ultrastructural studies have characterized the mor¬ 
phology of cortical cholinergic terminals in serial sections 
of large number of axonal varicosities in the rat parietal 
cortex and reached the conclusion that more than 85% of 
cholinergic varicosities are nonjunctional [212]. Synaptic 
membrane differentiations are usually symmetric and 
occupy a small portion (<3%) of the surface varicosities. 
These studies are in line with the demonstration that some 
monoamines may also act in a volume transmission mode 
(see Section 3.5). 


3*6.2. Thalamic Projections 

Some thalamic nuclei receive cholinergic and non- 
cholinergic projections from both brainstem and basal 
forebrain. Basal forebrain nuclei contribute to the cholin¬ 
ergic innervation of a limited number of nuclei in the 
medial and rostral thalamus. While the rostral pole of thala¬ 
mic reticular nucleus, MD, and AM nuclei of cat and 
macaque monkey receive projections from cholinergic and 
noncholinergic neurons of different basal forebrain cell- 
groups [150, 151], only the reticular nucleus is afferented 
from the basal forebrain in the rat [258]. Asanuma [259] 
demonstrated that basal forebrain neurons project to retic¬ 
ular nucleus by using PHA-L anterograde labeling of single 
axons from basal forebrain neurons and intracellular stain¬ 
ing of reticular thalamic cells. The basal forebrain projec¬ 
tion to the reticular thalamic nucleus is crucial in EEG 
activation processes since, in addition to the brainstem-RE 
projection, it is a source for disruption of synchronized 
spindle oscillations at their very site of genesis, the reticular 
nucleus (see Chapter 7). As to the basal forebrain projec¬ 
tion to the MD nucleus, it can be involved in the modula¬ 
tion of memory and learning processes. 
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After WGA-HRP injections in the rostral pole of cat 
reticular nucleus, retrograde labeling mostly occurs in the 
horizontal branch of diagonal nuclei (DBh) and in SI 
where 16-18% of HRP + cells were also ChAT + (Fig. 3.38) 
[150]. A similar distribution of labeled basal forebrain 
neurons was found after MD injections in cat. After the 
MD injection in the macaque monkey (Fig. 3.39), the vast 


# 814-RE r 




Figure 3.38. Distribution of cholinergic and noncholinergic basal forebrain neurons projecting to the 
rostral pole of the right thalamic reticular (RE) nucleus in the cat. Symbols of the three types of cells 
(ChAT + , HRP + , and double-labeled) indicated in A. Two basal forebrain levels (A16 in A, and A14.5 in 
B). Abbreviations of DBh, DBv, and SI, explained in text. Other abbreviations: AG, anterior commissure; 
CA, caudate nucleus; CC, corpus callosum; CLS, claustrum; HAA, anterior hypothalamic area; IC, inter¬ 
nal capsule; LV, lateral ventricle; PRPA, anterior prepyriform area; PU, putamen. Bar indicates mm. 
From Steriade et al (1987b). 
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Figure 3.39. Distribution of cholinergic and noncholinergic basal forebrain neurons projecting to the 
right mediodorsal (MD) thalamic nucleus of the Macaca sylvana monkey. Two frontal sections (A more 
anterior than B). Symbols of the three types of cells (ChAT + , HRP + , and double-labeled) indicated in A. 
GPe and GPi, external and internal segments of globus pallidus. From Parent et al. (1988). 


majority of HRP + cells occur medially in the vertical branch 

of the diagonal band nuclei (DBv), ventrally in DBh, and 

dorsolaterally in the SI, with double-labeled (HRP + ChAT) 

cells ranging from 11% to 23% [151]. The projection from 

basal forebrain to thalamic MD nucleus was also observed 

with the PHA-L transport in rat [260] and both cholinergic [260] Ray and Price 

and GABAergic preoptic neurons in the basal forebrain (1987). 

neurons project to the cat MD nucleus [261]. [261] Gritti etal (1998). 

The salient finding after AV-AM injections was that 
the number of labeled cells was much higher in DBv (com¬ 
pared to those found after reticular or MD injections), 
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[268] Buzsaki et al (1988); 
Steriade and Buzsaki 
(1990). See Chapters 
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where neurons displaying also ChAT immunoreactivity 
reached 27% of the total number of retrogradely labeled 
elements [151]. Finally, after VM injections, HRP + cells 
were observed in SI and lateral part of the preoptic area, 
but no double-labeled (HRP + ChAT) cell was detected. 

The low-affinity nerve growth factor receptor (NGFr) 
is expressed by basal forebrain cholinergic neurons [262]. 
The colocalization of ChAT and NGFr in NB neurons that 
project to the thalamic reticular nucleus was investigated 
and 10-20% of NB cholinergic neurons were also found to 
be NGFr-immunoreactive [263]. 

The majority of noncholinergic basal forebrain neu¬ 
rons with thalamic projections are GABAergic cells inter¬ 
mingled with the cholinergic ones (see Section 3.3.1). The 
differential termination of cholinergic and GABAergic ter¬ 
minals on rostral thalamic reticular neurons was demon¬ 
strated by EM analyses. Cholinergic terminals are very small 
(< 0.25 pm), with spherical vesicles and asymmetrical 
synaptic contacts onto distal dendrites of thalamic reticular 
neurons, and do not form axoaxonic contacts, thus preclud¬ 
ing a presynaptic cholinergic effect upon axonal terminals 
arising in the dorsal thalamus or cerebral cortex [264]. By 
contrast, axons originating in the NB terminate perisomati- 
cally onto reticular neurons [259, 265]. The GABAergic 
NB projection to the reticular nucleus was demonstrated 
by combining retrograde labeling and GABA immunore¬ 
activity [266]. A GABAergic projection from basal fore¬ 
brain structures was also found to terminate in the MD 
thalamic nucleus [267]. The inhibitory effect of GABA on 
thalamic reticular neurons is associated with a marked 
increase in Cl” conductance (see Chapter 6). These data, 
combined with the ACh-induced hyperpolarization and 
increased K + conductance of thalamic reticular neurons, 
support the idea of a permissive role played by NB (in con¬ 
junction with brainstem cholinergic cells) in spindle gene¬ 
sis, with the appearance of spindle oscillations immediately 
after the reduction in firing rates of NB neurons [268]. 


3.6.3. Posterior Hypothalamic Projections 

A neuronal circuit, which may explain the transition 
from waking to sleep, is the descending projection from the 
basal forebrain to the histaminergic neurons located in the 
tuberoinfundibular region of the posterior hypothalamus 
that are regarded as a cellular group with activating proper¬ 
ties (see Section 1.3.2). Morphological/immunohistochem- 
ical data support the idea of a descending inhibitory circuit 
from the preoptic area in the basal forebrain to the poste¬ 
rior hypothalamus. The descending pathway from NB, 
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diagonal band nuclei, and Me preoptic nucleus of the ante¬ 
rior hypothalamus, to the posterolateral hypothalamus was 
revealed by combining retrograde tracing techniques with 
GAD immunohistochemical staining [115]. Other experi¬ 
ments have demonstrated the selective firing, during sleep, 
of preoptic cells with identified projections to the posterior 

hypothalamus [269]. [269] Sherin etal (1996). 



4 


Neuronal Circuits in the Thalamus, 
Neocortex, and Hippocampus, 
Targets of Diffuse Modulatory 
Systems 

As discussed in the previous chapter, brainstem cholinergic 
and noncholinergic, most likely glutamatergic, neurons 
project overwhelmingly to the thalamus and have negligi¬ 
ble direct projections to neocortex, whereas monoamine- 
containing neurons of the locus coeruleus and dorsal 
raphe nucleus have less prominent projections to the thal¬ 
amus but have direct access to the cerebral cortex. The 
basal forebrain cholinergic and GABAergic neurons proj¬ 
ect to neocortex, archicortex, and related structures, and 
also impact on the activity of thalamic reticular (RE) 
GABAergic neurons and, to a lesser extent, some medial 
nuclei of the dorsal thalamus. 

The aim of this chapter is to briefly present the main cel¬ 
lular types and synaptic articulations in neuronal networks 
that operate under the influence of brainstem and basal 
forebrain modulatory systems. Full accounts on thalamic 
and cortical connectivity, neuronal properties, and networks 
[ 1 ] Jones (1985); Steriade are found in previous monographs [ 1 ]. The intrinsic proper- 

etal (1990b, 1997a); ties c f neurons, which are participating in the circuits pre- 

Steriade (2001b, 2003a). sented here, are dealt with in Chapter 5. Needless to say, the 

complexity of forebrain neuronal circuits and their depend¬ 
ency on brainstem and other modulatory systems require 
investigations in intact-brain preparations. Figure 4.1 illus¬ 
trates the basic cellular phenomena in intrathalamic, thala- 
mocorticothalamic, and brainstem-thalamic networks. In 
essence, although corticothalamic projections are excitatory 
on both reticular and thalamocortical (TC) neurons, the 
actions are inhibitory on TC cells when reticular neurons are 
in the burst mode, because of prevalent excitation of reticu¬ 
lar neurons; and, the brainstem cholinergic actions on TC 
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Figure 4.1. Neuronal loops in corticothalamic networks and their control by brainstem cholinergic neu¬ 
rons. The top three neurons have been recorded and stained intracellularly in anesthetized cats. The 
direction of their axons is indicated by arrows. Insets represent their responses to thalamic and cortical 
stimulation (arrowheads point to stimulus artifacts). The corticothalamic neuron (spikes truncated) 
from area 7 responded to thalamic stimulation of centrolateral intralaminar nucleus with antidromic (a) 
and orthodromic (o) action potentials (top superimposition, at a membrane potential of -55 mV). At 
more hyperpolarized levels (bottom superimposition, at -64 mV), the antidromic response failed but 
the orthodromic response survived as subthreshold EPSPs. The thalamic reticular (RE) GABAergic neu¬ 
ron (recorded from the rostrolateral district of the nucleus) responded to motor cortical stimulation 
with a high-frequency spike burst, followed by a sequence of spindle waves on a depolarizing envelope 
(membrane potential, -68 mV). Spindle waves occur spontaneously, with a frequency of 7 to 14 Hz in 
animals (12-14 Hz in humans) during light sleep. In this case, spindles were elicited by cortical stimula¬ 
tion. The thalamocortical (TC) neuron (recorded from the ventrolateral nucleus) responded to motor 
cortex stimulation with a biphasic IPSP, leading to a low-threshold spike (LTS) and a sequence of hyper- 
polarizing spindle waves (membrane potential, —70 mV). For the sake of simplicity, local-circuit (L-circ) 
inhibitory neurons in cortex and thalamus are not illustrated in this figure. See Fig. 4.4 for relations 
between thalamic RE and L-circ neurons, and their implication for focusing attention. Shown below, the 
dual effects of brainstem cholinergic neurons, namely hyperpolarization of the thalamic RE neuron and 
depolarization of the TC neuron. Recordings are modified from Contreras et al. (1996b), Curro Dossi 
et al. (1991), Hu et al. (1989a), Steriade (1999b), and Steriade et al. (1998b). 
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neurons are both direct depolarization and indirect 
disinhibition because of hyperpolarization of GABAergic 
reticular neurons (see Section 4.1). 


4.1. Thalamus 


NEURONAL 
CIRCUITS— 
THALAMUS, 
NEOCORTEX, AND 
HIPPOCAMPUS 


There are three types of thalamic neurons: thalamic 
neurons with cortical projections (TC) that are glutamater- 
gic (excitatory); reticular neurons that are GABAergic 
(inhibitory) and represent an interface between the thala¬ 
mus and neocortical outputs; and local-circuit (L-circ) 
GABAergic neurons whose axons remain within the limits 
of the dorsal thalamic nucleus where somata are located. 

Thalamocortical neurons are bushy and their varia¬ 
tions are linked mainly to soma size, large neurons project¬ 
ing to deep and middle cortical layers, whereas small 
neurons project preferentially to superficial layers [1]. TC 
neurons in relay nuclei receive ascending afferents from 
sensory and motor pathways. The highest degree of speci¬ 
ficity and organization characterizes sensory nuclei, in par¬ 
ticular the lateral geniculate, medial geniculate, and 
ventroposterior nuclei. Motor relay nuclei, ventrolateral 
and ventromedial, receive afferents from the cerebellum 
and other structures related to motor functions. Other thal¬ 
amic nuclei, such as pulvinar and lateroposterior, project to 
wider cortical areas and are implicated in association 
processes. Intralaminar nuclei lie within a narrow lamina 
that separates medial from lateral thalamic nuclei. Distinctly 
from relay nuclei that receive specific information from sen¬ 
sory or motor pathways, intralaminar nuclei receive affer¬ 
ents from a variety of heterogeneous sources, including 
fibers from pain pathways, motor centers, and brainstem 
systems implicated in the control of states of vigilance. The 
lack of specific afferentation to these nuclei matches their 
less circumscribed projections to the forebrain. The poste¬ 
rior intralaminar nuclei (center median and parafascicular) 
project mainly to the striatum. The anterior intralaminar 
(central lateral and paracentral) nuclei project not only to 
the striatum, but also to superficial as well as deep layers of 
widespread cortical areas. This diffuse projection to cortex 
characterizes anterior intralaminar nuclei as a whole, but 
the overwhelming majority of their individual neurons proj¬ 
ect to quite restricted neocortical areas, either sensory, 
motor, or association. 

Reticular neurons have axons that collateralize within 
the nucleus and also project to dorsal thalamic nuclei, but 
not to cortex; they have long dendrites, whose secondary and 
tertiary branches possess vesicle-containing appendages 
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that form synapses on the dendrites of other reticular neu¬ 
rons [2]. Thus, contrary to TC neurons, that can communi¬ 
cate only through intermediary reticular or neocortical 
neurons (Fig. 4.1), reticular neurons form an intercon¬ 
nected network which is particularly well suited for the gen¬ 
eration of some sleep oscillatory types which can occur even 
in the deafferented reticular nucleus [3, 4]. There is a recip¬ 
rocal excitatory circuit between glutamatergic neocortical 
and TC neurons and a recurrent inhibitory loop between 
TC neurons and GABAergic reticular neurons (Fig. 4.1). 

Local-circuit GABAergic thalamic interneurons con¬ 
stitute 25-30% of neurons in all thalamic nuclei of cats 
and primates, as well as in the dorsal lateral geniculate 
nucleus of rats, but they are virtually absent in other nuclei 
of rodents [1]. The relations between TC neurons and 
interneurons occur in thalamic synaptic islands encapsu¬ 
lated by glial sheets (called glomeruli) as well as outside 
these islands. The glomeruli contain two presynaptic and 
two postsynaptic elements (Fig. 4.2). The first presynaptic 
element consists of axon terminals of ascending afferent 
fibers that have round and large vesicles and excite the 
dendrites of both relay and L-circ cells. The second pre¬ 
synaptic elements are the dendrites of local interneurons. 
These dendrites are postsynaptic to afferent terminals and 
make inhibitory synaptic contacts on dendrites of TC cells 
as well as on dendrites of other local interneurons. The 
basic synaptic arrangements and the excitatory or inhib¬ 
itory influences at different synaptic contacts raccount for 
the sequence of events that follow the arrival of an afferent 
impulse in the thalamus (see bottom panel in Fig. 4.2). 
The bisynaptic inhibition of relay cells (following their ini¬ 
tial excitation) consists of an early IPSP (IPSP a ), followed 
by a prolonged IPSP that consists of two phases, IPSP ^ and 
IPSP#. The a-IPSP is generated within the glomerulus by 
presynaptic dendrites of local interneurons [5], while A - 
and B-IPSPs are generated by axons of interneurons as well 
as, in the case of those nuclei that receive afferents from 
the thalamic reticular nucleus, from the latter. As shown in 
Fig. 4.2, the cause of inhibition produced by local interneu¬ 
rons onto TC neurons can be quickly removed because of 
excitation from afferent axons to other interneurons (I 2 d) 
and inhibition from I 2 d to Ijd, thus disinhibiting relay neu¬ 
rons. These effects explain the short (a few milliseconds) 
duration of the EPSP in TC neurons, which is immediately 
cut off by the subsequent IPSP, which is in turn removed, 
thus allowing the relay cell to transfer with high fidelity sig¬ 
nals recurring at very fast rates (even 200 to 300 Hz). 
As discussed in Chapter 8, section 8.1.4.2), the earliest 
IPSP (GABA a ) undergoes completely different effects 
under brainstem reticular stimulation mimicking arousal, 


[2] Deschenes etal (1985); 
Yen etal (1985). 


[3] Steriade etal (1987a). 

[4] Bazhenov et al (1999). 


[5] Pare et al (1991); 
CurroDossi etal (1992b). 
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Figure 4.2. Thalamic glomeruli and three types of inhibitory postsynaptic potentials (IPSPs) in thalamo¬ 
cortical (TC) neurons. Synaptic contacts between thalamic reticular (RE), TC (relay), and local 
interneurons (I) are indicated by dots at the end of axons (ax). Note that RE axons contact not only relay 
cells but also local interneurons. Afferent (Aff) fibers to the thalamus contact dendrites (d) of relay cells 
and local interneurons. Territory delineated by dashed line, representing a thalamic glomerulus, is 
expanded below (arrow). The first presynaptic element consists of ascending afferent axons that have 
round and large (RL) vesicles and make asymmetrical synaptic contacts with dendrite of relay cell (Rd) as 
well as dendrites of local in ter neurons. The second presynaptic element is the dendrite of interneuron 
which is postsynaptic to afferent axon, contains pleomorphic (P) vesicles, and makes symmetrical synap¬ 
tic contacts on dendrites of relay cell as well as on dendrites of other local interneurons (^d and I 2 d are 
dendrites of two interneurons). In the latter case, contacts may be reciprocal. Bottom, superimposition 
of intracellularly recorded traces in thalamic relay neuron showing three types of IPSPs: a , A, and B. See 
also text. Modified from Steriade (1999c) and Pare etal (1991). 


[6] Timofeev and Steriade 
(1996). The relations 
between thalamic RE and 
TC cells have also been 
investigated in slices from 
the perigeniculate nucleus, 
the visual sector of RE 
nucleus (Bal etal, 1995a, b). 
In those in vitro studies, the 
spike-burst of RE neurons 
lasted for about 30 ms, while 
the IPSP generated in TC 
neurons by burst discharges 


compared to the following biphasic sequence of GABA a _ b 
IPSP s [5]. This difference accounts for the blockage of 
low-frequency sleep oscillations upon awakening, but 
preservation or even enhancement of a short IPSP in TC 
neurons, which is required for inhibitory sculpturing of 
incoming messages during the adaptive state of waking. 

The interactions between reticular and TC neurons dur¬ 
ing spontaneously occurring spindles are depicted in Fig. 4.3, 
using dual intracellular recordings in vivo [6]. Such record¬ 
ings demonstrate a close correlation between the depolar¬ 
izing envelope and spike-bursts during spindle waves in 
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Figure 4.3. Relations between simultaneously recorded depolarizing spindle waves in rostrolaterai thalamic 
reticular (RE) cell and hyperpolarizing IPSPs in thalamocortical (TC) cell from ventrolateral (VL) nucleus. 
Decorticated cat under ketamine-xy 1 azine anesthesia. A, spindle sequence. Inset: averaged (n = 15) activity 
triggered by the onset of IPSPs in VL neuron. B, another spindle sequence showing the close time relation 
between the depolarizing waves in RE cell and IPSPs in VL cell. Small deflections in the trace from VL cell 
are capacitive coupling artifacts from RE-cell’s action potentials. From Timofeev and Steriade (1996). 


reticular neurons and, on the other hand, IPSPs in the simul¬ 
taneously recorded TC cell. The requirement of synaptic 
inputs from reticular to TC neurons in the generation of 
sleep spindles is underlined by the absence of spindles in 
those thalamic nuclei that lack these connections. Anterior 
thalamic neurons display LTS-generated spike-bursts with 
the same characteristics as those found in other thalamic 
neurons [7]. As anterior thalamic neurons do not receive 
synaptic inputs from the reticular nucleus of cats [8] and the 
reticular nucleus is the spindle pacemaker (see Chapter 7), 


in reticular neurons was 
about 130 ms in duration if 
it was followed by a 
rebound LTS, and about 
150 ms in duration if it was 
not. The spike-burst in TC 
cells was about 10 ms in 
duration. These differences 
between spike-bursts crown¬ 
ing low-threshold spikes 
(LTSs) in RE and TC cells, 
displaying much longer 



duration in RE cells, 
corroborate data from in 
vivo recordings during nat¬ 
ural sleep (Domich et al , 
1986; Steriade et al , 1986). 

[7] Mulle et al (1985); Pare 
et al (1987). 

[8] Steriade et al (1984a); 
Velayos et al (1989). 

[9] Wilcox et al (1988). 


[10] Liu et al (1995). 


[11] Steriade et al (1985). 


[12] Steriade (1999b). 


[13] This hypothesis 
derived from a study on the 
activity of RE neurons 
during the natural 
waking—sleep cycle 
(Steriade et al, 1986). The 
circuit illustrated in Fig. 4.4 
was proposed in Steriade 
(1991) and was redrawn by 
E.G. Jones. 


spindles are absent in anterior thalamic nuclei as well as in 
limbic cortical areas where these nuclei project [7]. The fact 
that the lateral habenular neurons do not receive inputs 
from the reticular nucleus [8] also explains the absence of 
spindles in those neurons that have similar intrinsic prop¬ 
erties and ionic conductances as other thalamic neurons 

[9] . Instead of spindles, lateral habenular neurons display 
other oscillatory activities in their membrane potential, 
within the frequency range of the theta rhythm that is 
imposed from hippocampus and related structures. These 
data emphasize the role played by synaptic operations 
within the thalamus in the generation of sleep spindles, 
rather than the intrinsic properties of TC cells. 

Eight to ten percent of reticular neurons project, in 
addition to TG neurons, to L-circ GABAergic neurons 

[10] . The synaptic weight of this projection is not known 
and this GABA-to-GABA projection may produce signifi¬ 
cant effects on the ultimate targets, TC neurons. Indeed, 
an increased probability of IPSPs in TC neurons was found 
after excitotoxic lesions of reticular neurons [11], as if 
GABAergic local interneurons were released from the 
inhibition that arises in reticular neurons. The circuitry 
between RE, L-circ, and TC neurons was implicated in 
processes of focusing attention [12]. Thus, the top Th-cx 
(TC) neuron in Fig. 4.4 receives prevalent excitation from 
the afferent fiber (Aff.) while the bottom Th-cx receive 
less collaterals from the Aff. axon. The reticular neurons 
which are directly connected to the top Th-cx neuron (the 
top reticular neuron is part of this pool) contribute to fur¬ 
ther enhancing the relevant activity by inhibiting the pool 
of L-circ elements (the top L-circ neuron is part of this 
pool). Simultaneously, the activity in adjacent reticular 
areas (bottom reticular neuron in Fig. 4.4) is suppressed 
by axonal collateralization and dendrodendritic synapses 
within the reticular nucleus. The consequence would be the 
released activity of target L-circ neurons (bottom L-circ cell) 
and inhibition of weakly excited Th-cx neurons (bottom Th- 
cx neurons) in areas adjacent to the active focus [13]. 


4*2. Neocortex 

The four cell classes of neocortical neurons, defined 
by their responses to depolarizing current pulses, are 
described in Chapter 5. Basically, these neurons are 
pyramidal-shaped long-axoned (excitatory) neurons and 
aspiny or sparsely stellate L-circ (inhibitory) neurons. 
There is a great variety within each group of these two 
major neuronal types, regarding their target domains, 
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Figure 4.4. Relations between GABAergic thalamic reticular (RE) and local-circuit (L-circ) neurons, and 
their effects on thalamocortical (Th-cx) neurons. See main text for full explanation and hypothesis of 
focusing attention based on these connections. This hypothesis derived from a study on the activity of RE 
neurons during the natural waking-sleep cycle of chronically implanted cats (Steriade et al 1986). The 
circuit was proposed in Steriade (1991) and was redrawn by E.G. Jones. See also color plate 3. 


chemical codes, electrophysiological characteristics, and 
dependency on behavioral state of vigilance. 

The targets of axons from pyramidal neurons located in 
layers II—III are ipsi- and contralateral cortical areas; layer V 
neurons project to basal ganglia, intralaminar thalamic 
nuclei, superior colliculus, and spinal cord; and layer VI 
pyramidal neurons project to specific thalamic nuclei and 
claustrum. The neurotransmitter of pyramidal-shaped neu¬ 
rons is glutamate or aspartate. The different firing patterns 



[14] Fast-conducting 
pyramidal neurons of 
Macaca mulatto, stopped 
firing upon arousal for 
periods ranging from 4 to 
33 s in different units 
(Steriade etal, 1974a). 

[15] Jones (1975b). 


[16] Somogyi etal. (1983, 
1985); Somogyi (1989); 
DeFelipe and Jones (1992); 
DeFelipe (1993); 
Kawaguchi and Kubota 
(1997). 


[17] Connors etal. (1988). 


[18] Pollen and Lux (1966); 
Renaud etal (1974); 
Contreras et al. (1997c). 


(regular-spiking, intrinsically-bursting, and fast-rhythmic¬ 
bursting) of pyramidal neurons recorded from different cor¬ 
tical layers are presented in Chapter 5 (Section 5.6.1). As to 
their state-dependent fluctuations in firing rates, one of the 
most dramatic difference among two classes of antidromi- 
cally identified corticospinal neurons upon the short period 
of awakening from sleep in behaving monkeys is the toni- 
cally increased firing rates of slow-conducting (below 
40 m/s) pyramidal neurons, whereas fast-conducting (above 
40 m/s) pyramidal neurons stopped firing on arousal [14] 
(see also Chapter 10). 

Probably, the greatest variety is found in the group of 
local inhibitory interneurons that form about 20-25% of 
all cortical neurons. This was described in morphological 
studies long ago [15] and was recently substantiated by 
studying the chemical codes of different L-circ cells and 
their electrophysiology. Thus, inhibitory interneurons 
release GABA as transmitter and some also express parval- 
bumin, somatostatin, cholecystokinin, and vasointestinal 
peptides [16]. Various types of inhibitory neurons target 
various parts of the somadendritic membrane of pyrami¬ 
dal cells or other inhibitory neurons. (1) Basket cells are 
located in all layers, mainly III and V/VI, their axons con¬ 
tact the soma and proximal dendrites of pyramidal neu¬ 
rons, and they innervate themselves through autapses. 
(2) Chandelier neurons are mainly located in layers 11/III 
and their main target is the initial segment of pyramidal 
cell axons, thus having a strategic location for preventing 
the latter to communicate with other neurons. (3) Double 
bouquet dendritic neurons are concentrated in layers 
II/III and their vertical axons contact pyramidal and local 
interneurons. (4) Neurogliaform cells, the smallest 
interneurons (soma diameter, 10-12 jxm), are found in 
superficial layers, mainly layer I, and have a very dense 
axonal arbor. And (5) Martinotti cells are found in deep 
layers, mainly layer VI. 

Local-circuit operations in neocortex implicate excita¬ 
tory connections among pyramidal neurons as well as 
inhibitory contacts among GABAergic interneurons and 
between the latter and pyramidal cells (Fig. 4.5). The short- 
lasting, presumably GABA A -receptor-mediated, IPSPs in 
pyramidal neurons, result from firing of local inhibitory 
interneurons (Fig. 4.6). Although in vitro recordings 
showed that cortical IPSPs are made of two distinct phases, 
mediated by GABA a and GABA b receptors [17], the ampli¬ 
tude of the GABA B -mediated IPSP is much smaller in vivo 
or not visible at all, and neocortical IPSPs are reversed 
almost completely by Cl~ [18]. In vivo , a condition in which 
spontaneous activity of neurons is rich, the evoked GABA a 
IPSP shuts off cellular activity and leads to a generalized 
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Figure 4.5. Excitatory and inhibitory neuronal circuits in cat primate somatosensory cortex. Solid dots 
are excitatory terminals; open circles, inhibitory terminals; solid cells, excitatory; shaded cells, 
inhibitory. Cell designations are: Arc, arcade; B, large basket; Ch, chandelier; DB, double bouquet; Ng, 
neurogliaform; Pep, peptide cell; SB, small basket. SS, spiny stellate. Modified from Jones (1991) and 
Mountcastle (1998). 


phenomenon of disfacilitation during which “leak” K + cur¬ 
rents dominate the membrane behavior. The inhibitory 
actions of L-circ GABAergic cells are exerted on the soma 
and initial segment of pyramidal cells’ axons, but also on 
dendrites where they are able to delay or block spiking in 
dendrites [19]. 

The synaptic transmission is differentially exerted by 
the same pyramidal cell’s axon innervating pyramidal cells 
and local inhibitory interneurons. Thus, a pyramid pro¬ 
duces synaptic depression on nearby pyramids, whereas 
facilitation is produced on interneurons (Fig. 4.7) [20]. 
These differential effects are useful for understanding the 
rules underlying frequency-dependent plasticity. 

The long-range connections of the neocortex include 
ipsilateral corticocortical and callosal pathways, as well as 
corticofugal projections to many subcortical structures. 
The intrinsic cortical circuitry is abundant in the associa¬ 
tion cortex, but such connections also exist in sensory and 
motor cortical areas, as demonstrated by both morpholog¬ 
ical and electrophysiological studies [21]. Although mono¬ 
synaptic excitatory connections in cat’s motor cortex seem 


[19] Kim etal (1995). 


[20] Markram etal (1998). 


[21] Jones etal (1978); 
Avendano etal (1988); 
Keller (1993); Matsumara 
et al (1996). 
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Figure 4.6. Connections made by neurons identified anatomically and physiologically as spiny, burst firing 
interneurons. Trains of action potentials in the presynaptic pyramid (bottom trace at left) elicit EPSPs in 
burst firing interneuron that displays paired-pulse facilitation and can drive the interneuron to fire action 
potentials (middle trace); in turn, the interneuron elicits trains of fast (presumably GABA a ) IPSPs in the 
postsynaptic pyramid (top trace). From Deuchars and Thomson (1995). 


[22] Asanuma and Rosen 
(1973). 


[23] Amzica and Steriade 
(1995a). 


[24] Gilbert and Wiesel 
(1983); Gilbert (1992). 


to be limited to a distance of less than 1 mm [22], short- 
and fixed-latency, presumably monosynaptic responses 
between caudal and rostral sites in the association cat’s 
suprasylvian gyrus, separated by 7-10 mm, have been 
demonstrated by means of dual intracellular recordings 
from areas 7 and 5 [23] (Fig. 4.8). These pathways may 
underlie the intra- and intercolumnar operations neces¬ 
sary for the cortical synchronization of slow and fast 
rhythms that characterize different states of vigilance. In 
the visual cortex too, intracortical horizontal connections 
may span up to 8 mm, allowing communication between 
neuronal assemblies that have widely separate receptive 
fields [24]. While most horizontal intracortical connec¬ 
tions are provided by pyramidal-shaped neurons and are 
excitatory in nature, a similar excitatory outcome (through 



150 


A 


B 


CHAPTER 4 






iGmV 
Q,5mV 
— 40m V 
200m S 


Figure 4.7. Differential synaptic facilitation and depression via the same axon innervating two different 
targets, in vitro. Sagittal slice from rat somatosensory cortex. A, a light microscopic image of three biocytin- 
filled neurons. The pyramidal neuron on the left innervated the pyramidal neuron on the right and the 
bipolar interneuron on the right (see also scheme at top in B). B, single trial responses (30 Hz) to the 
same train of action potentials (APs). Failure rate for first EPSP: interneuron, 24%; pyramidal neuron, 0% 
(60 sweeps). Coefficient of variation for first EPSP: interneuron, 1.12; pyramidal neuron, 0.15. Coefficient 
of variation for 6th EPSP: interneuron, 0.32; pyramidal neuron, 0.68. From Markram et al (1998). 


disinhibition) may result from interactions between large 
inhibitory basket cells and other GABAergic L-circ 
neurons [25]. 

The longest-range intracortical connections generally 
link association neocortical areas in cats [26] and primates 
[27]. In macaque monkeys, areas 46 and 7a project over a 
dozen target cortical areas (Fig. 4.9). 

The callosal projection plays a crucial role in integra¬ 
tive functions of the two hemispheres [28] and the inter- 
hemispheric coherent activity of low- and fast-frequency 
oscillations during slow-wave sleep [29] and brain-activated 
states of waking or REM sleep [30], respectively. The loca¬ 
tion of corpus callosum neurons is mainly in cortical layers 
II/III but also in infragranular layers [31]. Callosal neurons 
have significantly greater spine density and more complex 
apical and basal dendritic arbors than neurons with ipsilat- 
eral cortical projections [32]. Callosal neurons contribute 
not only to the coherent activity between cortical areas but 


[25] Kisvarday et al (1993); 
Gupta etal. (2000). 

[26] Bignall etal (1966). 

[27] Goldman-Rakic (1987, 
1988). 

[28] Reviewed in Seymour 
et al. (1994) and Berlucchi 
etal. (1995). 

[29] Steriade etal. (2001a). 

[30] Engel et al. (1991); 
Nunez et al. (1992b); Kiper 
et al. (1999); Knyazeva et al. 
(1999). 

[31] Barbaresi etal. (1994); 
Milleret etal (1994); 
Matsubara et al (1996). 

[32] Soloway 0 /. (2002). 
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Figure 4.8. Electrophysiological identification of intracortical pathways in suprasylvian gyrus of cat. 
Ketamine—xylazine anesthesia. Two simultaneous intracellular recordings at sites 1 and 3 in the rostral 
and caudal suprasylvian gyrus (see bottom scheme). Close (1 mm) to each intracellular micropipette 
there were two coaxial electrodes, one for bipolar recording of field potentials (FPs), the other for stimu¬ 
lation. An additional FP was recorded in the middle suprasylvian gyrus (site 2). Stimulation through the 
anterior electrode (A) elicited in the closely recorded cell (Al) an antidromic action potential, with a 
latency of 3 ms, at the resting membrane potential (—60 mV). An EPSP was revealed by hyperpolarizing 
the membrane at —70 mV. The same stimulation evoked a biphasic depth-negative FP. The inset in Al 
shows three responses of this neuron, at different membrane potentials, to a three-shock train at 100 Hz. 
The anterior stimulation was less effective toward the caudal recording sites, as shown by the progres¬ 
sively reduced amplitude of FPs and absence of overt EPSPs in the posterior intracellular recording 
(A2-3). By contrast, stimuli delivered at the posterior site (B) induced EPSPs in both (posterior and ante¬ 
rior) cells, with shorter latencies in the posterior neuron. The inset in B3 displays the temporal summa¬ 
tion of EPSPs to 100 Hz stimulation. From Amzica and Steriade (1995a). 


also ensures that cortical activity on one side is reflected on 
the contralateral thalamus, as the same neocortical neuron 
in the monkey’s precentral gyrus and cat’s association cor¬ 
tex receives monosynaptic excitation from homotopic sites 
[33] Steriade etal (1974b); m contralateral cortex and is antidromically activated 
Cisse et al (2003). from the related thalamic nuclei [33]. 
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Figure 4.9. The results of a double-labeling study in macaques in which WGA-HRP (or 3-H leucine and 
proline) was placed in area 7a and tritiated amino acids (or WGA-HRP) were placed in area 46 in the 
same hemisphere of the same animal. Paired sections were superimposed and analyzed. Cross-hatched 
regions represent areas that have been reported to receive afferents from the thalamic medial pulvinar 
nucleus. See also main text. From Goldman-Rakic (1988). 


The corticothalamic projections originate in layers VI 
or V and they outnumber the TC axons by almost one 
order of magnitude. Thin corticothalamic axons originate 
in layer VI, whereas thick fibers arise from layer V. In addi¬ 
tion to ipsilateral corticothalamic projections, contralat¬ 
eral projections terminate in medial thalamic nuclei of 
monkeys [34]. Although the corticothalamic projection to 
all three major types of thalamic neurons (relay TC neurons 
as well as GABAergic thalamic reticular and L-circ neu¬ 
rons) is glutamatergic, therefore excitatory, synchronous 
volleys occurring naturally during cortical sleep oscilla¬ 
tions or elicited by electrical stimuli, produce powerful 
depolarizing actions on both types of thalamic GABAergic 
(RE and L-circ) neurons and hyperpolarizing actions on 
TC neurons (see Fig. 4.1). In contrast to these direct exci¬ 
tatory effects on both types of thalamic inhibitory neu¬ 
rons, the cortical action on TC neurons is a long-lasting 
hyperpolarization, consisting of a biphasic (GABA a _ b ) 
IPSP (Fig. 4.1) mediated by thalamic reticular or local 
interneurons. Indeed, following excitotoxic lesions of 
reticular neurons, the prolonged IPSPs disappear in TC 
neurons but they receive numerous, short-lasting IPSPs 
from local interneurons [11; see Section 4.1]. Thus, when 
reticular neurons are in the burst mode, as during slow- 
wave sleep or different forms of seizures, the prevalent cor¬ 
ticothalamic actions are inhibitory on TC cells [35]. Direct 


[34] Preuss and Goldman- 
Rakic (1987). 

[35] These electrophysio- 
logical data, from experi¬ 
ments on the slow sleep 
oscillation (Steriade etal., 
1993b) and paroxysmal dis¬ 
charges (Steriade and 
Contreras, 1995; Timofeev 
et al ., 1998), are supported 
by recent studies showing 
that the numbers of gluta¬ 
mate receptor subunits 
GluR4 are 3.7 times higher 
at corticothalamic synapses 
in RE neurons, compared 
to TC neurons, and the 
mean peak amplitude of 
corticothalamic excitatory 
postsynaptic currents 
(EPSCs) is about 2.5 higher 
in RE, than in TC, neurons 
(Golshani et al ., 2001). 


[36] Steriade etal (1986). 


[37] Amaral and Witter 
(1989); Lopes da Silva et al 
(1990); Freund and 
Buzsaki (1996). 

[38] Andersen et al (1964, 
1969); Ben-Ari et al 
(1981a). 

[39] Somogyi etal (1983, 
1985). The importance of 
chandelier (axoaxonic) 
cells in controlling the 
excitability of hippocampal 
pyramidal neurons is 
demonstrated by the loss of 
axons of chandelier neu¬ 
rons in rat’s hippocampal 
transplants that display 
paroxysmal discharges 
(Freund and Buzsaki, 

1988). There is also a 
decrease in chandelier neu¬ 
rons in entorhinal cortex 
and subiculum of epileptic 
patients (DeFelipe, 1999). 

[40] Alonso and Klink 
(1993). Layer II neurons 
receive cholinergic inner¬ 
vation from the septum 
(Alonso and Kohler, 1984) 
and a muscarinic agonist, 
carbachol, produces mem¬ 
brane depolarization of 
stellate cells associated with 
oscillations in the theta fre¬ 
quency range. 

[41] Pare et al (2002). 

[42] Kreindler and 
Steriade (1964). 


excitatory cortical influences on TC cells may be seen 
either after lesioning reticular neurons or during behav¬ 
ioral states, such as waking or REM sleep, in which these 
thalamic GABAergic neurons fire tonically, in the single¬ 
spike mode [36]. In the latter condition, the cortically 
elicited excitation of TC cells may overcome the inhibition 
mediated via reticular neurons. 
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4.3. Hippocampus and Related Systems 

The hippocampus, entorhinal cortex, and nuclear 
complex of amygdala have been intensively studied because 
of their role in learning and memory, the presence of a neu¬ 
ronal type involved in spatial coordinates of the environ¬ 
ment, the generation of theta oscillation during active 
wakefulness and REM sleep, and their high susceptibility to 
develop epileptic activity. 

The trisynaptic loop in the dentate gyrus and 
CA1-CA3 fields of hippocampus proper was extensively 
reviewed elsewhere [37]. The perforant path axons, arising 
in layers II—III of the entorhinal cortex, produce EPSPs on 
granule cells’ dendrites in neurons of the dentate gyrus, 
which project to the pyramidal cells in CA3 field; and the 
pyramidal cells in the CA1 field receive excitatory inputs 
from Schaffer fibers (collaterals of CA3 pyramidal cells’ 
axons) as well as from axons originating in the entorhinal 
cortex that terminate on more distal parts of their apical 
dendrites. The initial EPSPs produced in the pyramids of 
CA1-CA3 fields are followed by large IPSPs that may lead to 
a postinhibitory rebounds [38]. The IPSPs are produced by 
different types of interneurons, such as chandelier (or 
axoaxonic) cells [39], basket cells, inhibitory neurons that 
target the dendritic trees of granule and pyramidal cells, 
and interneuron-selective GABAergic cells that are special¬ 
ized in innervating other inhibitory interneurons. 

The entorhinal cortex receives direct inputs from 
association neocortical areas and has direct access to the 
hippocampus via the perforant path (see above). The stel¬ 
late cells in layer II, which give rise to the perforant path, 
generate depolarization-dependent rhythmic oscillations 
within theta frequency range (see Chapter 7), whereas 
pyramidal-like cells do not oscillate [40]. 

The neuronal circuits in the amygdala nuclear com¬ 
plex implicated in oscillatory activities were recently 
reviewed [41]. The central lateral nucleus of amygdala, 
which is the major output station of this nuclear complex, 
induces electrographic activation of neocortical areas, even 
in the absence of the brainstem reticular formation [42]. 




Intrinsic Electrophysiological 
Properties of Brainstem and 
Forebrain Neurons 


The properties of neuronal circuits controlling behavior 
are determined not only by their anatomical connectivity 
but also by the intrinsic properties of the constituent neu¬ 
rons, including voltage- and transmitter-sensitive mem¬ 
brane currents. Only during the past decade we witnessed 
some “cross-talk” between physiologists interested in analy¬ 
sis of behavior from a macropotential or even cellular per¬ 
spective in the behaving mammal and those physiologists 
exploring cellular properties in in vitro preparations, 
including slices and dissociated neuronal cultures. One of 
the purposes of our book is to facilitate and promote infor¬ 
mation transfer between these still largely separate 
domains of work by emphasizing areas of potential and 
demonstrated commonality of interest. We believe the 
future course of brainstem investigation will be toward 
increasing joint use of both techniques to understand 
mechanisms of behavior. This chapter will also present 
data from basal forebrain, thalamic, and cortical neurons 
since these are important targets of brainstem influences 
and also furnish some contrasts with properties of brain¬ 
stem neurons. 

We begin with a discussion of the properties of 
cholinoceptive and cholinergic brainstem reticular core 
neurons (Sections 5.1 and 5.2), we summarize in vitro 
data on monoaminergic neurons (Section 5.3), and we 
compare the intrinsic properties of brainstem neurons 
with those of basal forebrain (Section 5.4), thalamic 
(Section 5.5), and cortical (Sections 5.6). 
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Figure 5.1. Schematic representation of the in vitro recording zone in the medial pontine reticular for¬ 
mation (nucleus reticularis ponds caudalis, PnC) in sagittal and coronal sections, with the latter having 
the same orientation as the slices used for recording. Other abbreviations: Gi, bulbar nucleus reticularis 
gigantocellularis; IC, inferior colliculus; LC, locus coeruleus; MLF, medial longitudinal fasciculus; PO, 
nucleus reticularis ponds oralis; TrgC, trigeminal complex; 7N, 7th nerve. From Gerber et al (1989a). 


5.1. Medial Pontine Reticular 
Formation Neurons 

Figure 5.1 illustrates the plane of section of the pon¬ 
tine reticular formation (PRF) slice preparation [1, 2]. 
Unless otherwise stated, these references apply to the data 
of this section. 


5.1.1. Neuronal Classes of the Medial 
PRF: Overview 

Our classification of mPRF neurons will be based on the 
presence of different kinds of firing pattern as influenced by 
the presence of different voltage-sensitive membrane cur¬ 
rents. Two main neuronal classes have thus far been defined 
by the presence of two types of firing pattern in response to 
current injection (Fig. 5.2 and Table 5.1). We will first sum¬ 
marize data on these main types before proceeding with 
more detailed descriptions. Later sections will also include 
brief primers of terminology and technical aspects of cellu¬ 
lar physiology for the reader not working in this field. 

Low-threshold burst neurons (LTBNs) generated a 
low-threshold burst (LTB) that was caused by the presence 
of a low-threshold Ca 2+ spike (LTS). The LTS was visible 
as a slow potential on which rode a burst of fast (Na + - 
dependent) action potentials (APs) (Fig. 5.2A). LTBNs 
also produced a nonburst (NB) firing pattern, consisting 
of a relatively regular series of APs (Fig. 5.2A, column 3). 
Production of the LTB pattern was dependent upon a 
sufficiently hyperpolarized baseline membrane potential 
that de-in activated the LTS, as described in detail below. 


[ 1 ] Greene et al. (1986). 

[2] Gerber etal (1989a). 
The PRF slice preparation 
utilized 500-pm-thick trans¬ 
versely cut brainstem slices 
from young Sprague 
Dawley rats; slices were 
totally submerged in 
perfusate in a modified 
recording chamber (Haas 
et al, 1979). When the 
preparation was viewed 
under a binocular dissecting 
microscope, identifying 
anatomical landmarks were 
readily observable; these 
were primarily white matter 
tracts and include VI nerve 
rootlets, the VII nerve, and 
the medial longitudinal fas¬ 
ciculus. Use of young, 

7-13 day old animals 
facilitated tissue viability 
(slices remained viable 
throughout the 8-16 hr 
recording sessions), and 
was also appropriate in that 
the behavior of principal 
interest, REM sleep, is 
some 4-5 times more 
abundant in young than in 
adult animals (Jouvet et al, 
1968). Recordings of 
medial pontine reticular 
formation neurons 
described in this section 
were made in the giant cell 
field zone (FTG). 




A LTBN 





Figure 5.2. Two patterns of repetitive firing in the two main classes of mPRF neurons recorded in vitro . 
Part A shows voltage traces from a low-threshold burst neuron (LTBN) illustrating the presence of a low- 
threshold burst (LTB) and nonburst (NB) patterns. Al, a depolarizing current pulse of 200 pA ampli¬ 
tude and 200 ms duration (same duration throughout figure) evokes an NB repetitive firing pattern. A 
hyperpolarizing current pulse of 400 pA amplitude evokes a rebound LTB. A2—A3, with a hyperpolarized 
membrane potential (— 78 mV) depolarizing current pulses of 300 pA and 500 pA evoke LTB, which with 
500 pA current injection, is followed by an NB pattern. Part B shows voltage traces from an NB neuron 
evincing an NB pattern but no LTB pattern: there is no rebound LTB seen in B1 even with the same 
amplitude hyperpolarizing pulse as in Al, and no LTB results from depolarizing pulses in B2 and B3 of 
the same magnitude and from the same hyperpolarized membrane potential in A2 and A3. Note, how¬ 
ever, the delay in depolarization evident in B2-3 compared with Bl; evidence indicating this delay is due 
to A current as described in the text. Modified from Gerber et al (1989a). 


Table 5.1. Characteristics of Medial Pontine Reticular 
Formation Low-Threshold Burst Neurons (LTBN) and 
Nonburst Neurons (NBN) 


NBN LTBN 


Firing pattern 


Low-threshold burst 

0 

+ 

Nonburst 

+ 

+ 

Calcium action potentials 

Low-threshold 

0 

+ 

High-threshold 

in control media 

0 

0 

with K(Ca) antagonists 

-1- 

+ 

Outward potassium currents 

Early transient, A-current 

+ 

+ 

Delayed, calcium-dependent 

+ 

+ 
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In addition to the LTS, LTBNs also showed a high- 
threshold Ca 2+ spike (HTS); this HTS was dependent 
upon a Ca 2+ current with a higher threshold for activation 
than the LTS. Both the LTS and HTS were visualized in the 
presence of tetrodotoxin (TTX), a blocker of Na + APs, 
and the HTS also required the presence of K + current 
blockers. We note that, while the LTS is not so common in 
neuronal populations, the HTS is quite common and the 
Ca 2+ current associated with it is often triggered by the 
depolarization associated with the Na + AP. LTBNs consti¬ 
tuted about 45% of the recorded neurons. 

Nonburst neurons (NBNs) showed only an NB firing 
pattern (Fig. 5.2B) and a HTS. They did not show an LTS 
and the associated spike-burst. The AP frequency of the NB 
pattern was principally controlled by a Ca 2+ -dependent K + 
conductance and the latency to occurrence of the first 
spike by A-current, an early outward (hyperpolarizing) cur¬ 
rent that opposed the depolarization leading to the initial 
spike. NBNs constituted about one-half of the neurons 
recorded. 

These two neuronal classes did not show statistically 
significant differences in input resistances or resting mem¬ 
brane potentials. Resting membrane potentials averaged 
—65 mV and input resistances (measured by the change in 
membrane potential resulting from a 200 ms hyperpolariz¬ 
ing current pulse) were about 65 Mil. The observed lack 
of correlation between input resistance and the neuronal 
type as identified by firing pattern suggests that the two 
patterns resulted from recordings in different neurons 
rather than from recordings obtained from different 
zones of the same neuron (e.g., patterns characteristic of 
an LTBN might be elicited from the soma and patterns 
characteristic of an NBN from the dendrites). There was 
also no association of age of preparation and the fre¬ 
quency of occurrence of the different classes. Use of 
recording site marker lesions and Nissl staining showed 
the different classes were not preferentially localized to 
any particular portion of the pontine FTG. 

Carboxyfluorescein injected intracellularly into mPRF 
neurons enabled computation of mean soma diameters as 
the average of long and short axes (see Chapter 3). 
Diameters ranged from 20-50 pm, and there was a ten¬ 
dency (p< 0.1) for LTBNs to have larger somata (mean 
diameter = 37 pm) than NBNs (30 pm). For comparison 
of the soma sizes of the sample of intracellularly recorded 
neurons with all mPRF neurons, and to compare young 
(10-day-old) with adult animals, soma size measurements 
were performed on neurons on Nissl stained sections from 
young and adult rats. Average soma diameters were not sta¬ 
tistically different for young (25 pm) and adult (28 pm) 



[3] Mitani etal. (1988a-b). 

[4] Neurons in the upper 
8% had diameters larger 
than 40 jim in cat and 

39 pm in young rats, while 
the next 35% had 
diameters of 20-40 pm in 
cat and 24—39 pm in rat, 
and the smallest 57% of the 
sampled neurons had 
diameters less than 20 pm 
in cat and 24 pm in rat. 


[5] Fatt and Ginsborg 
(1958). 


[6] Reviewed in Limas 
(1988). 


[7] Reviewed in Hille 
(1984). 


rats. In terms of comparability of results to those obtained 
in the adult cat [3], the soma size percentile distributions, 
based on three subdivisions (large, medium, and small neu¬ 
rons), were remarkably similar [4]. The majority of cat 
mPRF neurons with soma sizes greater than 45 jxm project 
to the spinal cord without collaterals [3]; if a similar associ¬ 
ation of size and efferent projection pattern exist in the rat, 
then these data suggest that the LTB pattern predominates 
in the class of noncollateralized reticulospinal neurons. 


5.1.2. Low- and High-Threshold Ca 2+ Spikes 

For those readers not familiar with Ca 2+ APs, a brief 
review may be useful. Soon after the Na + AP was described, 
Fatt and Ginsborg [5] found that muscle fibers in crab legs 
utilized a Ca 2+ spike, an AP based on the inflow of Ca 2+ 
rather than Na + ion, during the depolarization of the 
upstroke. Llinas and colleagues have described LTSs and 
associated LTB firing patterns in mammalian neurons [6]. 
Neurophysiological studies have shown that, in general, 
Ca 2+ channels activate (open) with membrane depolariza¬ 
tion and also show inactivation (e.g., closing of channels) 
with time courses slower than for the Na + channels 
involved in fast AP production [7], Of particular impor¬ 
tance for the LTS is the concept of de-inactivation , a process 
leading to removal of inactivation so that the current may 
be activated under the proper conditions, such as mem¬ 
brane depolarization. De-inactivation or removal of inacti¬ 
vation may be analogized to the “cocking of a gun”; the 
process itself does not cause a dramatic change but, with 
depolarization, permits activation of the currents causing 
the Ca 2+ spike or, in the analogy used, permits pressing the 
trigger to be effective. 

In mPRF neurons (Fig. 5.2A), the slow potential seen 
as a rebound after a hyperpolarization (A1) or elicited by a 
depolarizing pulse from a hyperpolarized baseline poten¬ 
tial (A2) will be shown to represent a Ca 2+ spike while the 
burst of fast (Na + -dependent) APs riding on the Ca 2+ 
spike (LTB) occurs because the Ca 2+ spike depolarizes the 
membrane past the threshold for generation of Na + 
spikes. The subsequent discussion will further dissect the 
various factors involved in production of Ca 2+ spikes. The 
Ca 2+ spike associated with the LTB pattern is termed a low- 
threshold spike because of the low-threshold for activation 
of this Ca 2+ current and spike, and is to be contrasted with 
the higher threshold Ca 2+ spike to be described later. 

It is to be noted that the LTB pattern is characterized 
by sensitivity to baseline membrane potential (Fig. 5.2A). 
A depolarizing current pulse from a baseline membrane 
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potential more negative than —75 mV activates an LTS, 
with a burst of 2-5 fast APs superimposed upon it. Larger 
amplitude current pulses (5.2A3) evoke similar bursts of 
APs, but they are followed by an NB firing pattern. LTB 
patterns could not be activated with depolarizing current 
injection from a baseline membrane potential more posi¬ 
tive than —65 mV (Fig. 5.2A1); they instead elicited only 
an NB pattern. Note further (Fig. 5.2A1) that a rebound 
LTB is evoked following current pulses that hyperpolarize 
the membrane to potentials more negative than —75 mV. 

The number of APs generated during an LTB, the 
intensity of a burst, was strongly controlled by different fac¬ 
tors. Increasing the amplitude of depolarizing current 
(amplitude of activation) (Fig. 5.3A) produced an LTB with 
more APs. The threshold for activation of the LTB, obtained 
by a visual estimation of the inflection point on the mem¬ 
brane potential charging trajectory, was about — 60 mV. 
Another important factor in the intensity of an LTB was the 
degree of de-inactivation, dependent on the degree and 
time duration of hyperpolarization (Figs. 5.3B and C) prior 



Figure 5.3. Activation and the removal of inactivation of the low-threshold burst response of mPRF neu¬ 
rons recorded in vitro. Column A illustrates graded activation of the LTB with voltage traces of responses 
to depolarizing current pulses of 200 ms duration and 200 (Al), 250 (A2), and 300 (A3) pA amplitude, 
all applied from a hyperpolarized membrane potential of —78 mV. Column B illustrates the voltage sen¬ 
sitivity of the removal of inactivation with the responses to hyperpolarizing pulses of 200 ms duration and 
300 (Bl), 500 (B2), and 600 (B3) pA amplitude applied on a baseline membrane potential of —64 mV. 
Note the increased number of action potentials with greater hyperpolarization. Column C illustrates the 
time dependence of the removal of inactivation with the responses to hyperpolarizing pulses of the same 
amplitude (300 pA) but of increasing duration: 100 ms in Cl, 200 ms in C2, and 400 ms in C3. Modified 
from Gerber et al. (1989a). 
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to a rebound LTB. Maximal LTBs averaged about five APs 
per burst. 

The Ca 2+ dependence of the LTS and associated LTB 
firing pattern is shown in Fig. 5.4. Addition of TTX, a 
blocker of Na + -dependent APs, led to the abolition of the 
burst of Na + spikes and clearly revealed the time course of 
the Ca 2+ spikes resulting from a rebound hyperpolarization 
(Fig. 5.5A1) or depolarization from a hyperpolarized mem¬ 
brane potential (Fig. 5.5A2). The slow Ca 2+ spikes were 
abolished in perfusate containing no Ca 2+ (Fig. 5.5A3). The 
LTS amplitude increased and its latency to peak decreased in 
direct relationship to the magnitude of the preceding hyper¬ 
polarization (Fig. 5.5A1). The graded increase of the LTS 
produced by increasing hyperpolarization of the membrane 
potential was similar to the graded increase in the number of 
APs observed in the rebound LTB. 
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Figure 5.4. Ca 2+ -dependence of repetitive firing patterns of a low-threshold burst (LTB) mPRF neuron 
recorded in vitro. Row A is during perfusion with control medium. In A, column 1, there is a nonburst 
response to a depolarizing current pulse of 300 pA amplitude from a baseline membrane potential of 
— 63 mV. In A, column 2, a rebound LTB response follows a hyperpolarizing pulse of 500 pA amplitude. 
In A, column 3, there is an LTB response to a depolarizing pulse of 400 pA amplitude delivered from a 
hyperpolarized baseline. Row B, during perfusion with medium containing 10 mM magnesium and no 
calcium, shows the absence of the LTB response in B2—3. Row C shows partial recovery 5 min after 
returning to perfusion with control media. Modified from Gerber et al. (1989a). 
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Figure 5.5. Tetrodotoxin (TTX) resistant, Ca 2+ -dependent action potentials of mPRF neurons recorded 
in vitro . Voltage traces from a low-threshold burst neuron (LTBN) are shown in column A and from a 
nonburst neuron (NBN) in column B. Al, in the presence of TTX, increasingly greater hyperpolariza¬ 
tion of the membrane potential (current amplitudes of 100, 200, 300, and 500 pA) results in increasingly 
greater amplitude rebound low-threshold calcium spikes (LTSs). A2, from a baseline potential of 
—78 mV, increasingly greater depolarization (current pulse amplitudes of 200, 400, 600, and 800 pA 
amplitude) also evoked increasingly greater amplitude LTSs. A3, the LTS is abolished in the presence of 
10 mM magnesium and no calcium. Bl, in the NBN no Ca 2+ spikes were evoked even by large amplitude 
current pulses (+600 pA and —600 pA) in the presence of TTX. B2, with the addition of tetraethyl- 
ammonium (10 mM), depolarizing current pulses ( + 1000 and 1200 pA) evoke high threshold Ca 2+ 
spikes (HTSs). B3, HTSs are abolished when calcium is replaced by 10 mM magnesium (B3) and identical 
current pulses are applied. Calibration bar is 80 ms for A3. Modified from Gerber et al (1989a). 


The LTS was not “an island unto itself' but interacted 
with other currents to shape firing pattern; one of these cur¬ 
rents appeared to be similar to the A-current first described 
in gastropod mollusks [8] and present in mammalian cen¬ 
tral nervous system neurons from many different regions 
[9]. The A-current ( I A ) is so named because of its sensitivity 
to blockage by 4-AP [10], and is also known as the transient 
outward current. The A-current is activated when a neuron 
is depolarized after a period of hyperpolarization; since it is 
an outward K + current, it tends to counteract depolarizing, 
inward currents, such as the Ca 2+ current associated with 
the LTS. Figure 5.6B shows how the threshold and size of an 
LTS in LTBNs was influenced by interaction with a TAP 


[8] Neher (1971); Connor 
and Stevens (1971). 

[9] Gustafsson et al. 

(1982); Williams etal 
(1984); Yarom et al (1985); 
Champagnat etal (1986). 

[10] Thompson (1977). 
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Figure 5.6. In mPRF neurons recorded in vitro , 4-AP reduces the latency to the first action potential, 
shortens the interspike interval between the first and second actions and reduces the threshold and 
increases the amplitude of the low-threshold calcium spike. A, voltage traces of responses to depolarizing 
pulses of 400 pA in a nonburst neuron before (Al) and during (A2) application of 4-AP (0.5 mM). B, 
responses of a low-threshold burst neuron to depolarizing current pulses of 200, 400, and 600 pA ampli¬ 
tude applied before (Bl) and during (B2) 4-AP exposure (0.5 mM) in the presence of tetrodotoxin 
(TTX) and from a baseline membrane potential of —79 mV. Note that, in all cases, the subthreshold 
responses to the current pulses were not affected by the 4-AP. Calibration: 20 mV and 40 ms. Modified 
from Gerber et al, (1989a). 


[11] Hermann and 
Gorman (1981). 

[12] Stanfield (1983). 


sensitive conductance. Blocking the 4-AP sensitive current 
by perfusion with 4-AP increased the peak amplitude of the 
LTS by at least 30% compared with no 4AP control condi¬ 
tions. Further, in the presence of 4-AP and starting with a 
baseline membrane potential of —76 mV (A-current inacti¬ 
vation removed), depolarizing currents elicited a more 
rapid LTS rise than the no-4-AP control. 

Since the putative I A and the current responsible for 
the LTB had similar voltage sensitivities for both activation 
and inactivation, this interaction may be especially impor¬ 
tant in the control of the LTB. Depending on the relative 
amplitudes of these two currents, depolarization from a 
hyperpolarized membrane potential may produce either 
a state of decreased excitability when I A predominates or 
increased excitability with a burst response when low- 
threshold Ca 2+ current predominates. 

Not only was an LTS present in LTBNs, there was also 
a higher threshold Ca 2+ spike that was revealed with the 
addition to the perfusate of 5-10 mM tetraethylammo- 
nium (TEA), an antagonist of a number of outward K + 
currents, including both the Ca 2+ -dependent K + channel 

[11] as well as the Ca 2+ -independent delayed rectifier 

[12] . Column B of Fig. 5.5 shows the presence of HTS in 
response to depolarizing pulses in the presence of TEA 
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(TTX was added to eliminate fast Na + APs); these HTSs 
(B2) were Ca 2+ -dependent since they disappeared when 
Ca 2+ was replaced by 10 mM Mg 2+ (B3). The threshold for 
the TTX-resistant HTS was —33 mV for LTBNs, easily dis¬ 
tinguishable from the LTS threshold that was approxi¬ 
mately 30 mV more hyperpolarized (Fig. 5.5A). The HTS 
and LTS were also distinguished by the selective antago¬ 
nism of the LTS by Mg 2+ ; in the presence of 10 mM Mg 2+ 
and an antagonist of the outward K + current, the LTS was 
reversibly abolished but the HTS was still readily evoked by 
depolarizing current pulses. This was directly analogous to 
the effects of these treatments on the LTB and NB firing 
patterns. 

The most likely explanation for the differences 
between the LTS and HTS is that two distinct types of Ca 2+ 
channels control the Ca 2+ fluxes on which they depend. 
The voltage sensitivity of the LTS and HTS were similar to 
those of Ca 2+ channels described as low-voltage-activated 
[13] or T-type [14], and high-voltage-activated or L-type, 
respectively. 

The amplitude and duration of the LTS, and hence 
the number of APs in the LTB, was controlled not only by 
the depolarizing Ca 2+ -dependent conductance but also by 
an interaction with delayed hyperpolarizing (outward) K + 
conductances. In the presence of TTX, application of 
blockers of delayed outward K + currents, including TEA 
or intracellular Cs + , resulted in an LTS of sufficient ampli¬ 
tude to surpass threshold for the HTS; in this case, these 
TTX-resistant APs reached membrane potentials more 
positive than +5 mV, a level never reached without TEA or 
intracellular Cs + . However, the inability to elicit the LTS 
from depolarized membrane potentials without a preced¬ 
ing hyperpolarization was not affected by these antago¬ 
nists. Cs + in the presence of TTX had the additional effect 
of eliciting a rebound LTS followed by repetitive HTSs; 
these continued until hyperpolarizing current was 
applied. 

As noted in the previous section, both NBNs and 
LTBNs generated an NB pattern, and the discussion here 
pertains to the NB pattern in both types of neurons. The 
NB pattern was characterized by a relatively constant inter¬ 
spike interval during depolarizing current injection 
(Figs. 5.2, Al, Bl, B3, Cl, which are to be compared to 
Figs. 5.2, A2, A3, C2, C3). With increased amplitude of cur¬ 
rent injection, some accommodation was apparent but 
never to the extent of complete cessation of AP firing, nor 
was there any evidence of an associated long duration 
(greater than 0.5 s) afterhyperpolarization (AHP). This was 
in marked contrast to the accommodation and associated 


[ 13] Carbone and Lux 
(1984); Yaari et al. (1987). 
[14] Nowycky et al (1985). 
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long duration AHP observed in hippocampal CA1 and CA3 
neurons [15]. 

As shown in Fig. 5.5B, NBNs had no LTS, but large 
amplitude depolarizing pulses in the presence of TEA and 
TTX demonstrated the presence of an HTS whose thresh¬ 
old was similar to the HTS in LTBNs. 

In contrast to the direct dependence of the LTB pat¬ 
tern on a Ca 2+ spike, the NB pattern was indirectly con¬ 
trolled by a high-threshold, inward Ca 2+ conductance that, 
in turn, activated an inhibitory (outward) / K(Ca) . Thus, 
Ca 2+ -free media altered the NB pattern in both NBNs 
(Fig. 5.4) and LTBNs [2] in that the spike frequency was 
increased and the AHP reduced. The Ca 2+ conductance 
mediating these effects was shown to be different than for 
the LTS conductance because neither NB firing frequency 
nor the AHP was altered by high Mg 2+ in control concen¬ 
trations of Ca 2+ while this treatment antagonized the 
LTB/LTS (Fig. 5.5A). The effects of addition of 5 mM TEA 
(Fig. 5.7), an antagonist of Ca 2+ -dependent K + currents, 
were similar to those following exposure to Ca 2+ -free 
media suggesting an / K(Ca ) mediated both effects. The pres¬ 
ence of a Ca 2+ -dependent outward current was also indi¬ 
cated by the fact that large current pulses in the presence 
of TTX did not depolarize the membrane potential posi¬ 
tive to —38 mV (Fig. 5.5B1) ; the removal of Ca 2+ from the 
perfusate resulted abolished this effect. 
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Figure 5.7. A tetraethylammonium (TEA)-sensitive outward current modulates the excitability of the 
(NB) firing mode of mPRF neurons recorded in vitro. Responses of an NB neuron to depolarizing 
current pulses of 300 pA (column 1) and 500 pA (column 2) and to a hyperpolarizing pulse of 300 pA 
(column 3). After the addition of TEA (10 mM in row B), the frequency and number of action potentials 
evoked is increased compared to control condition (row A) despite an unaltered input resistance as 
measured in column 3. Note also that action potential amplitude is increased and that with successive 
firing action potential duration is also increased. From Gerber et at (1989a). 
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The high-threshold Ca 2+ , current may indirectly con¬ 
trol the repetitive firing of the NB pattern by the following 
sequence of events: under physiological conditions, the 
TTX-sensitive Na + currents of the fast AP elicit sufficient 
membrane depolarization to exceed the threshold of the 
high-threshold Ca 2+ current. In turn, the influx of Ca 2+ 
leads to Ca 2+ -dependent K + current, which then con¬ 
tributes to AP repolarization and the AHP. Similar effects 
of Ca 2+ -dependent K + current have been observed in the 
vertebrate peripheral nervous system [16] and in hip¬ 
pocampal neurons [17]. Other factors controlling the NB 
pattern, not yet directly examined in mPRF neurons, may 
include the Ca 2+ -independent delayed outward rectifier 
and the removal of Na + inactivation [18]. 

There may be more than one 7 K(Ca ), as has been 
demonstrated in other neurons. In hippocampal neurons, 
repolarization of the AP and fast AHP (<10 ms duration) 
has been attributed to a TEA and charybdotoxin sensitive 
/ K (ca) [17], but a medium AHP (<200 ms) is Ca 2+ insensi¬ 
tive. In contrast, in neurons of the sensorimotor cortex 
[19] and spinal cord [20] AP repolarization is not depend¬ 
ent on Ca 2+ flux across the membrane (although it is 
antagonized by TEA in both cases) but the medium dura¬ 
tion AHP is Ca 2+ -dependent. In mPRF neurons, repolar¬ 
ization of AP, the medium duration AHP, and restriction of 
the LTS are all mediated to some extent by one or more 
/ K (ca)- However, additional investigation of the voltage and 
pharmacological sensitivities of these phenomena is 
needed before more precise statements can be made. 

When NBNs were hyperpolarized to membrane poten¬ 
tials negative to — 65 mV and then depolarized, there was a 
delay in reaching AP threshold in association with a (out¬ 
wardly rectifying) deviation from the membrane charging 
trajectory seen with current pulses applied from more 
depolarized baselines (compare Figs. 5.2, B1-B3). Since this 
is consistent with an activation of 7 A (see above), the effects 
of TAP, an antagonist of 7 A , was tested using the same exper¬ 
imental procedures (Fig. 5.7). Compared with control con¬ 
ditions, exposure of NBNs to TAP (200-500 (im) reduced 
the delay to threshold of the first AP and the first interspike 
interval when baseline membrane potential was maintained 
at levels negative to —65 mV but, when examined from a 
membrane potential of —60 mV, TAP had no effect. These 
effects are consistent with the known characteristics of 1 A : 
inactivation at membrane potentials of —60 mV and more 
positive, removal of inactivation of more hyperpolarized 
potentials, and activation at potentials more positive than 
—60 mV [8]. Further, the TAP antagonism affected only the 
early part (<150 ms) of the firing pattern and did not alter 
input resistance, again arguing for a specific blocking of 7 A . 
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5.1*3. Role of mPRF Neuron Membrane Potential 
in Controlling Repetitive Firing Properties 
and Implications for Behavior 

Identical inputs to LTBNs and NBNs can result in 
markedly different responses when the membrane poten¬ 
tial is sufficiently hyperpolarized. An excitatory input can 
evoke an LTB response in LTBNs and, if the excitatory 
input continues, the LTB will be followed by an NB pat¬ 
tern. However, in NB neurons at the same baseline mem¬ 
brane potential, the same excitatory input may fail to elicit 
even a single AP due to an unopposed I A ; if input contin¬ 
ues, I A will finally inactivate and an NB pattern will 
emerge. This heterogeneity and specialization of response 
may be important to the physiological organization of the 
mPRF in waking for both oculomotor and somatomotor 
systems. In particular, the reader’s attention is directed to 
the examples given in Chapter 11 of quick activation of 
oculomotor system neurons from a baseline of absence of 
firing and presumed membrane hyperpolarization. The 
presence of an LTS may be functionally advantageous in 
permitting a quick recruitment of AP discharge from a 
hyperpolarized membrane potential level. 

Furthermore, the change of baseline membrane 
potential during behavioral state changes may have impor¬ 
tant consequences for firing patterns in these states. In 
passage from waking and slow-wave sleep to REM sleep, 
neurons of the mPRF depolarize 7-10 mV [21]. This depo¬ 
larization may inactivate both the LTS and I A . Under such 
conditions, LTB and NB neurons will respond similarly to 
excitatory input with an NB firing pattern. Overall, 
excitability may be increased as membrane potential depo¬ 
larizes toward AP threshold, but the specificity of response 
to excitatory input that distinguishes NB from LTBNs in 
waking may be decreased, and burst firing may be absent. 
Consistent with this, analysis of the firing pattern of mPRF 
neurons in vivo indicates an increased firing frequency in 
association with an absence of burst discharges during 
REM sleep [22]. 


5.2. Pedunculopontine and Laterodorsal 
Tegmental Nuclei 

The location of these mesopontine cholinergic neu¬ 
rons and their thalamic projections are discussed in 
Chapter 3. Those data, obtained by combining retrograde 
tracing with ChAT immunohistochemistry in cat [23] and 
rat [24], have been confirmed in guinea pig slices containing 
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the pedunculopontine tegmental (PPT) nucleus [25], 
Intracellular injection of Lucifer Yellow in retrogradely 
labeled PPT cells showed that their shape and soma-den¬ 
dritic size is similar to cholinergic PPT neurons described 
in rodents [26]. The results of experiments dealing with 
the intrinsic properties of thalamically projecting PPT 
cells [25] are described below. Three major neuronal 
classes have been observed. 

One class of PPT neurons did not spontaneously fire 
APs after impalement, but they fired a spike-train under 
depolarizing current pulses (Fig. 5.8A). If the membrane 
was hyperpolarized sufficiently, the same depolarizing 
pulse elicited an LTS crowned by a burst of 2-to-5 fast APs 


[25] Leonard and Llinas 
(1990, 1994). PPT or lat- 
erodorsal tegmental (LDT) 
neurons were retrogradely 
labeled after injections of 
rhodamine labeled micros¬ 
pheres into thalamic latero- 
posterior and lateral 
geniculate nuclei, prior to 
the preparing of the slice. 
The cholinergic nature of 
PPT/LDT neurons was 
determined by NADPH- 
diaphorase, a reliable 
marker of brainstem 
cholinergic neurons. 

[26] Rye et al (1987). 
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Figure 5.8. Low-threshold spiking (LTS) neuron recorded from the pedunculopontine tegmental (PPT) 
nucleus of guinea pig in vitro. A, top trace: neuron fires repetitively during depolarization from resting poten¬ 
tial. Following hyperpolarizing current pulses (bottom trace) of sufficient magnitude, the neuron demon¬ 
strates rebound bursts of action potentials. B, hyperpolarization from resting potential elicits for subsequent 
depolarizing steps a burst-mode firing. C, spike burst is mediated by an LTS, is insensitive to tetrodotoxin 
(TTX), and is inactive at resting potential (arrow), but becomes progressively de-inactivated as the mem¬ 
brane potential is hyperpolarized. D, maximum rate of rise of the LTS is plotted as a function of membrane 
potential. The spike is half maximally active at —75 mV membrane potential. E-F, Ca 2+ -dependency of the 
LTS (E) is demonstrated by its blockage with 500 mM CdCl (F). Modified from Leonard and Llinas (1990). 
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(Fig. 5.8B). The conductance underlying this burst was 
TTX-insensitive (Fig. 5.8C) but was blocked by Co 2+ and 
Cd 2+ , thus indicating that it is Ca 2+ -mediated. This neu¬ 
ronal type was designated as generating purely LTS 
responses. Similar LTS-generating neurons have been 
found in the other brainstem cholinergic group, the 
[27] Wilcox et al (1989). lateral dorsal tegmental nucleus [27]. 

The second neuronal type in the PPT nucleus also dis¬ 
played an LTS but, unlike the first type, did fire sponta¬ 
neously upon impalement and, at the resting membrane 
potential, did not show a rebound excitation at the break of 
a hyperpolarizing pulse [25]. At rest, these cells had a tran¬ 
sient outward current, I A , which delayed the return to base¬ 
line of the voltage trace after the termination of a 
hyperpolarizing pulse. This cellular class was then desig¬ 
nated as LTS + A. 

The third cellular type did not display LTS responses 
but had the outward K + current, / A . Such neurons were 
regarded as particularly suited to the relatively slow, tonic 
repetitive firing observed in some PPT neurons explored 
in vivo . Upon intracellular current injection, these neurons 
fired repetitively (Fig. 5.9A). Following a hyperpolarizing 
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Figure 5.9. 7^-type neuron in the guinea pig pedunculopontine tegmental nucleus in vitro. A, repetitive 
firing elicited by depolarizing current pulses. The delay in the return of the membrane potential to rest 
following hyperpolarizing current pulses characterizes the presence of I A . R, the I A is not blocked by 
tetrodotoxin (TTX) and nickel, is inactive at resting potential, and increases with membrane hyperpolar¬ 
ization. C, single electrode voltage-clamp recording of A-current activation in TTX from other neuron 
of this class. Progressively larger depolarizing steps produce larger fast transient outward currents of 
increasing amplitude (—80mV holding potential). D, hyperpolarizing voltage steps from a holding 
potential of —45 mV rapidly reactivate / A . E, peak I A plotted as a function of membrane potential. From a 
holding potential of —80 mV, this current is half maximally activated by voltage steps to about -50 mV. 
From a holding potential of —45 mV, this current is half maximally reactivated by a voltage step to about 
-75 mV. Modified from Leonard and Llinas (1990). 
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current pulse from resting potential, the membrane 
potential displayed a delay in the return to baseline, typical 
for / A . This current was inactivated at resting membrane 
potentials and was progressively de-inactivated by brief 
hyperpolarizing prepulses (Fig. 5.9B). Single electrode 
voltage-clamp records (Figs. 5.9C and D) showed that the 
outward current peaked rapidly (within 6 ms) and decayed 
more slowly (about 200 ms). I A was normally inactivated 
at resting membrane potentials (Fig. 5.9E) and was de- 
inactivated during the AHP of the AP. Thus, this con¬ 
ductance leads to an increased duration of the AHP and 
consequently to a lengthening of the interspike interval. 

The first two cell-classes (LTS and LTS + I A ) may be 
related to the burst firing of PPT neurons whose activity 
underlies the thalamic component of the phasic ponto- 
geniculo-occipital (PGO) waves of REM sleep (see 
Chapter 10), while the third cellular type (/ A ) probably 
corresponds to the tonically firing neurons in PPT that 
may be involved in the tonic aspect of EEG activation dur¬ 
ing both waking and REM sleep [28]. As to the PGO-wave 
production in some brainstem PPT bursting neurons, it is 
of interest that octanol, a high molecular weight alcohol 
that specifically blocks the LTS of inferior olive neurons 
[29], was also found to block the PGO-like waves induced 
in the LG thalamic nucleus by brainstem peribrachial (PB) 
stimulation [30] (Fig. 5.10). The suppressing effect of 
octanol on PGO waves may be related to the fact that REM 
sleep is partially suppressed by acute doses of alcohol and 
that it continues to be suppressed for longer periods if the 
dosage is increased. 

Another group, working in PPT/LDT slices, des¬ 
cribed three types of neurons. Type I cells were character¬ 
ized by Ca 2+ -mediated LTS; type II displayed I A ; and type 
III cells had neither LTS nor I A [31]. The ionic mecha¬ 
nisms of these cellular classes were also investigated more 
recently [32] and, using combined intracellular record¬ 
ings with immunohistochemistry, it was found that none of 
the type I (LTS) neurons were immunopositive to choline 
acetyltransferase (ChAT), whereas 60% of type II (I A ) cells 
were immunopositive. 

Thus, only a negligible proportion or none of PPT/ 
LDT cholinergic neurons display spike-bursts in adult 
guinea pig and rat investigated in slices [25, 31, 32]. 
This finding is similar to data from studies of cat choli¬ 
nergic PPT/LDT neurons during natural states of vigi¬ 
lance showing that very short (<5 ms) interspike intervals, 
reflecting high-frequency spike-bursts, represent less than 
7% of intervals during all states of vigilance, wakefulness, 
slow-wave sleep, and REM sleep [28]. However, in vitro 
studies in slices from young rats (9-15 days old) showed 


[28] Steriade et al 
(1990a). 


[29] Llinas and Yarom 
(1986). 

[30] Llinas et al (1987). 

In those in vivo experi¬ 
ments, octanol was injected 
systemically and, therefore, 
the blockage of the all-or- 
none PGO-like component 
of the peribrachial (PB)-LG 
response (appearing at a 
latency of about 50-80 ms 
after the PB stimulation) 
could well be due to the 
blockage of brainstem or 
thalamic LTS. 

[31 ] Kang and Kitai 
(1990). 

[32] Takakusaki and Kitai 
(1997). In a companion 
paper, Takakusaki et al 
(1997) described the 
synaptic inputs, morpholo¬ 
gies, and axonal projec¬ 
tions of two subgroups of 
type II ( I A ) neurons and 
two subgroups of type I 
(LTS) neurons divided 
according to the duration 
of their action potentials. 



A 


171 



PROPERTIES OF 
BRAINSTEM 
AND FOREBRAIN 
NEURONS 


Figure 5.10. Octanol-induced blockage of all-or-none (ponto-geniculo-occipital [PGOflike) component 
of field potential evoked in the lateral geniculate (LG) thalamic nucleus by stimulation of the brainstem 
peribrachial (PB) area in cat. A, 10-sweep sequence showing the all-or-none character of the 2nd compo¬ 
nent of PB-evoked LG field potential. B, effect of octanol on 2nd component of LG field potential evoked 
by midbrain reticular stimulation (3-shock train). Reserpine-treated (2 mg/kg) encephale isole preparation 
with deafferentation of trigeminothalamic pain pathways. Second component (b) disappeared 25 s after 
octanol administration (despite no alteration in a component) and recovered 6 min and 20 s later. 
Unpublished data by R. Llinas, D. Pare, M. Deschenes, and M. Steriade. 


[33] Kamondi etai (1992); that the majority of LTS-bursting brainstem LDT neurons 
Luebke etal (1992). were cholinergic [33]. It is possible that the membrane 

properties of LDT neurons change with maturity. 


5.3, Neurons of the Locus Coeruleus and 
the Dorsal Raphe Nucleus 

5.3.1. Locus Coeruleus Neurons 

Locus coeruleus (LC) neurons slow and virtually 
arrest discharges with the approach and advent of REM 
sleep (see Chapter 9). A further striking characteristic of 
extracellular recordings in vivo of LC neurons is their slow, 
regular discharge pattern, which has suggested the possi¬ 
bility of pacemaker-like activity determined by intrinsic 
membrane properties. Thus, intracellular in vitro record¬ 
ings are of great importance for determining the mecha¬ 
nisms of this pacemaker-like discharge pattern, and the 
existence of modulatory mechanisms that would account 
for its dramatic alteration with change in behavioral state. 
This section will present data supportive of the hypothesis 
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that LC neurons have intrinsic pacemaker activity at 

certain membrane potential levels, and that Ca 2+ -depend- 

ent currents play a key role in this pacemaker activity. The 

data also are supportive of the general hypothesis that 

behavioral state changes may alter discharge pattern 

and discharge rate through the modulation of membrane 

potential and consequent changes in voltage-sensitive 

membrane currents [1, 34]. Certain K + conductances of [34] McCarley and Ito 

LC neurons will be discussed in Chapter 6, together with (1985); McCarley and 

ligand-activated K + conductances. Massequoi (1986a). 

In the in vitro preparation [35], almost all LC neurons 
were found to be spontaneously active, with a firing thresh¬ 
old of about —55 mV and membrane potentials otherwise 
ranging from —55 mV to —65 mV As can be seen in 
Fig. 5.11, APs arose from a slowly depolarizing membrane 
potential (rate of change, 7 mV/s). There were two com¬ 
ponents of the rising phase of the AP: an initial Ca 2+ - 
dependent slow depolarization followed by a rapid 
depolarization of the Na + -dependent AP proper. The 
falling phase showed an initial slow repolarization of mem¬ 
brane potential, a Ca 2+ -dependent shoulder, followed by a 
more rapid repolarization. Mean duration of the AP meas¬ 
ured at threshold was 1.4 ms. The AP was followed by an 
AHP that carried the membrane potential 15-20 mV nega¬ 
tive to the AP threshold. The AHP had an initial period of 
rapid decay (e.g., depolarization) followed by a slower 




3 s 


Figure 5.11. Spontaneous action potentials (APs) of locus coeruleus neurons recorded in vitro . A, in con¬ 
trol perfusate a change in slope on the rising phase is visible, as well as a shoulder on the falling phase. B, 
the spontaneous AP (full height not shown) was followed by an afterhyperpolarization, which merged 
into the interspike depolarization, seen more clearly at the slower recording speed of C. Modified from 
Williams et al. (1984). 



depolarization phase that merged into the interspike 
depolarization. 

Of interest with respect to the in vivo recording 
data showing virtual arrest of spontaneous LC neuronal 
discharges in REM sleep was the finding that, in vitro , 
hyperpolarization to ~60 mV arrested LC spontaneous fir¬ 
ing, suggesting a strong voltage dependence of the sponta¬ 
neous activity. The presence of intrinsic pacemaker activity 
was further suggested by the absence of any evidence for 
spontaneous synaptic potentials driving the depolarization 
and repetitive discharges. In a few neurons (<10%) small 
spike-like depolarizations were evident upon hyperpolar¬ 
ization; these occasionally reached AP threshold, and van¬ 
ished in Ca 2+ -free, high Mg 2+ solutions, suggesting they 
were spontaneously occurring dendritic Ca 2+ spikes. The 
frequency of spontaneous discharge activity did not 
change with the addition of TTX to the perfusate, indicat¬ 
ing both the lack of significance of synaptic input from 
Na + -dependent APs for driving the depolarization and 
regular discharge of LC neurons and also demonstrating 
the importance of ion (s) other than Na + in the generation 
of one component of the LC APs. The APs after TTX 
were of lesser amplitude (46 mV) and had a slower 
maximal rate of rise, and interference with Ca 2+ currents 
eliminated these TTX-resistant smaller, slower spikes: they 
were not present in perfusates containing either the Ca 2+ 
channel blockers Co 2+ or Mg 2+ , or containing no Ca 2+ 
(Fig. 5.12), data agreeing with the formulation that 
the initial component of the LC AP was a Ca 2+ spike. 

Analysis of membrane properties with single elec¬ 
trode voltage clamp techniques showed a steady state slope 
conductance that was relatively constant at membrane 
potentials from —90 mV to —70 mV, then progressively 
less with depolarization and negative at about —55 mV 
(Fig. 5.13). The negative slope conductance at —55 mV 
was analyzed further as to the nature of the current 
responsible for the change. Blockade of inward Ca 2+ 
currents by Co 2+ and Mg 2+ abolished the negative slope 
conductance (Fig. 5.14). The negative slope conductance 
at ~55 mV was also abolished by Ca 2+ -free, high-Mg 2+ 
solutions. Other data indicated a later outward current 
(associated with the AHP) was an / K(Ca) . 

It was concluded that LC neurons have a Ca 2+ current 
flowing into the cell at membrane potentials close to 
threshold for AP generation. This inward current is volt¬ 
age dependent, being small at —75 mV and increasing 
with depolarization; it activates and deactivates rapidly 
when the membrane is depolarized or hyperpolarized. 

Other experiments indicated the presence of K + cur¬ 
rents contributing to spike repolarization; these included 
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Figure 5.12. The locus coeruleus action potential (AP) recorded in vitro is composed of Ca 2+ and Na + 
spikes. A, part 1 shows a control spontaneous AP. Part 2 is after addition of 2 mM cobalt; note the persist¬ 
ence of a smaller spike. Part 3 is recovery after wash-out of cobalt. B and C, in TTX (1 pM), spontaneous 
action potentials persist but are reversibly abolished by Ca 2+ -free solutions (B, with 10 mM magnesium) 
or by cobalt (2 mM). Modified from Williams et al (1984). 


Potential (mV) 

-120 -80 -40 



j -1000 

Figure 5.13. Steady state I/V characteristics of a locus coeruleus neuron recorded in vitro. The 
continuous line was plotted directly on an X-Y plotter using a ramp depolarization from —120 mV to 
-40 mV. The filled circles indicate the currents evoked by hyperpolarizations from a holding potential 
of —60 mV. Modified from Williams et al (1988a). 


a fast, 4-AP sensitive component, the / K(Ca) , and perhaps 
other “delayed rectifier” currents. 

The following unifying hypothesis about the mecha¬ 
nisms involved in generation of the pacemaker-like activity 
of LC neurons was proposed [35]. We begin the descrip¬ 
tion of a cycle at the peak of the AP, a point with a high Ca 2+ 
conductance and a consequent rapid increase in internal 
Ca 2+ concentration. AP repolarization is dependent on 











Figure 5.14. Blockade of Ca 2+ current by cobalt abolishes the negative slope conductance in the I/V 
plot of a locus coeruleus neuron recorded in vitro . Graph constructed from ramp depolarizations of 
a neuron impaled with a CsCl-filled recording electrode. Control I/V plot is in medium with 1 jxM 
tetrodotoxin and 0.5 mM BaC^- Note strong negative slope conductance beginning at about —50 mV 
that is almost totally abolished by addition of cobalt. This Ca 2+ current was also sensitive to dihydropy- 
ridines. Figure courtesy of j.T. Williams and R.A. North. 


[35] The slice preparation 
and the data in this section, 
except where otherwise 
indicated, are described in 
detail by Williams et al 
(1984). Adult rat brainstem 
slices were cut in the trans¬ 
verse (coronal) plane, and 
the slice with the maximum 
lateral extent of the LC was 
used for recording. The 
zone of the LC was 
identified as a translucent 
area using transmitted light 
in the slice in the recording 
chamber, and the identity 
of this area with the 
anatomically defined LC 
was confirmed both by 
Nissl staining and by 
intracellular injections of 
sample neurons in the 
presumptive LC zone with 
Lucifer Yellow; the 
morphological 
characteristics of the 
injected neurons were the 
same as previously 
described for 

noradrenergic LC neurons. 

[36] Smith etal (1975); 
Gorman etal (1982); 

Smith and Thompson 
(1987). 


voltage-dependent currents and 7^; these outward 
currents bring the membrane potential to —75 mV at which 
level the Ca 2+ and Na + conductances are near zero. The 
slow depolarization that follows may be primarily due to a 
progressive reduction in the outward current due to a 
reduction in free intracellular Ca 2+ . As the membrane 
potential moves from —75 mV to less negative values, the 
TAP sensitive outward current may slow the return to the 
AP threshold potential. Then, as the membrane potential 
approaches —55 mV, the slow inward Ca 2+ current devel¬ 
ops with increasing magnitude. This leads to the initial 
slow rising phase of the AP. At about —45 mV, there is a 
large increase in the TTX-sensitive Na + channels leading 
to the AP proper. The cycle then repeats itself. 

This hypothesis [35] offers a plausible explanation for 
the pacemaker activity observed in LC neurons and agrees 
with data on the origin of spontaneous activity in inverte¬ 
brate neurons [36]. It is useful also to underline the 
distinction between the slowly or noninactivating Ca 2+ 
conductance important in pacemaker activity and the 
transient, inactivating Ca 2+ conductance of the LTS, whose 
rapid inactivation would not make it a reasonable mecha¬ 
nism to generate the LC pacemaker cycle. 


5.3,2. Dorsal Raphe Neurons 

There is ample evidence indicating serotonergic 
dorsal raphe (DR) neurons have widespread projections 
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and a role in modulating the excitability of the large 
numbers of postsynaptic neurons (see Chapter 4). Sero¬ 
tonergic neurons, like LC neurons, show a dramatic state- 
related modulation of discharge in vivo ; they join the LC 
population in slowing and virtually ceasing discharge with 
the advent of REM sleep, and, as discussed in Chapter 10, 
the arrest of their discharges appears to be closely corre¬ 
lated with the onset of the PGO waves of REM sleep. Thus, 
the intrinsic membrane properties contributing to their 
discharge pattern are of considerable interest to physiolo¬ 
gists interested in control of behavioral state alterations 
and in general features of control of excitability in target 
neurons. We will discuss two intrinsic, inwardly rectifying 
K + conductances of DR neurons in Chapter 6, together 
with the serotonin-controlled, inwardly rectifying K + 
conductance. 

The intracellular in vitro data on DR neurons 
described in this section is from the work of Aghajanian 
and collaborators [37]; work that followed the initial 
in vitro extracellular DR recordings [38]. Input resistances 
of presumptive serotonergic neurons recorded in vitro 
ranged between 40 and 230 Mfl. These input resistances 
were higher than those recorded in vivo [39], as is typical 
for in vivo vs in vitro input resistance measurements, but 
other characteristics of the neurons were the same as the 
in vivo sample. 

Extracellular and intracellular recordings of neurons 
in the slice showed the presence of a spontaneous slow, 
regular discharge rhythm also characteristic of in vivo 
recordings of these neurons. As shown in Fig. 5.15, the 
AP was followed by an AHP, then a rapid phase of depolar¬ 
ization followed by a long plateau of very slow depolariza¬ 
tion, then the rapidly rising phase of a spike that, in most 
instances, had a “shoulder” during the repolarization 
phase. The cycle then repeated; of particular note was the 
absence of evidence for PSPs that might drive the depolar¬ 
ization, both in the in vivo and in the in vitro recordings, 
thus suggesting a true pacemaker organization. These 
neurons showed an early transient outward current with 
the characteristics of / A . Single electrode voltage clamp 
studies revealed the presence of a transient outward cur¬ 
rent when depolarizations were made from holding poten¬ 
tials of —70 mV in TTX-containing perfusate, but not 
when holding potentials of —60 mV were used for the 
same depolarizing pulse. Perfusion with 1 mM 4-AP also 
greatly reduced this transient outward current. 

Activation of this presumptive I A from a holding 
potential of —80 mV first occurred with a voltage step to 
—60 mV, with progressive increases in current up to a 
voltage step to —40 mV. At a holding potential of —40 mV, 


[37] VanderMaelen and 
Aghajanian (1983); 
Aghajanian and Lakosi 
(1984); Aghajanian (1985); 
Burlhis and Aghajanian 
(1987); Freedman and 
Aghajanian (1987). 
Aghajanian and coworkers 
utilized 300-450 jxm thick 
frontal (coronal) slices 
from albino rats that were 
mounted in a modified 
Haas chamber (not 
submerged in perfusate). 
Viewed through a 
binocular microscope, the 
DR nucleus was easily 
visualized, lying ventral to 
the central aqueduct and 
dorsal to the medial 
longitudinal fasciculus and 
decussation of the 
brachium conjunctivum. 
Neurons were classified as 
serotonergic on the basis of 
long-duration action 
potentials (2 ms), large 
AHPs, and pacemaker 
potentials; these were 
characteristic of neurons 
identified as serotonergic 
by an in vivo 

double-labeling technique 
(Aghajanian and 
VanderMaelen, 1982b). 

[38] Mosko and Jacobs 
(1976); Trulson et at 
(1982). 

[39] Griffith (1988). 
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Figure 5.15. In vitro recordings of dorsal raphe (DR) serotonergic neurons. Presence of a transient 
outward current suppressed by 4-AP. A, spontaneous pikes of a typical serotonergic neuron in the DR 
slice preparation. Note the large AHPs, followed by a rapid phase of depolarization, and then a plateau 
period before the subsequent spike. B, voltage clamp at —70 mV in 1 M tetrodotoxin to eliminate Na + 
spikes; top traces are voltage; bottom are current; outward currents are upward going. A step depolariza¬ 
tion to —45 mV elicits a transient outward current (arrow) which peaks 8 ms after the depolarizing step; 
superimposed traces show the virtual absence of a transient outward current when the holding potential 
is —60 mV rather than —70 mV. C, 10 min after the addition of 1 mM 4-AP, the transient outward current 
(arrow) is reduced by about 30%. D, 12 min after the 4-AP has been increased to 2.5 mM the transient 
outward current is reduced by more than 60%. Modified from Aghajanian (1985). 


the current was inactivated; de-inactivation occurred only 
with hyperpolarizations below —60 mV and was maximal 
at about — 90 mV. 

Burlhis and Aghajanian [37] demonstrated the 
presence of an LTS conductance in the serotonergic DR 
neurons. This conductance was blocked in the presence of 
Ni 2+ and other divalent cations known to block Ca 2+ con¬ 
ductances (Fig. 5.16), was de-inactivated at low voltages in 
a time- and voltage-dependent manner, and was differenti¬ 
ated from a HTS conductance by the failure of the latter 
to be blocked by Ni 2+ . Single electrode voltage clamp 
studies using electrodes filled with Cs + (to suppress I A and 
other K + conductances) showed a negative slope conduc¬ 
tance from —60 to —50 mV, indicating the presence of an 
inward current (the LTS current) in this voltage range. 
The LTS conductance was not directly altered by phenyle¬ 
phrine or serotonin. 

These workers suggested the following hypothesis for 
the sequence of events underlying generation of rhythmic 
activity in DR serotonergic neurons. With the occurrence 
of a fast Na + spike, there is entry of Ca 2+ through HTS 
channels. This activates / K(Ca) (the AHP current), which 
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Figure 5.16. In vitro recordings of serotonergic dorsal raphe neurons. Upper panel block by nickel of 
low-threshold current following hyperpolarizing pulse. A, control, in 1 M tetrodotoxin. B, current is 
abolished by 100 M nickel. C, current returns upon wash-out. Lower panel D, single electrode voltage 
clamp data on 1/ V relationship, showing region of negative slope conductance. Modified from Burlhis 
and Aghajanian (1987). 

hyperpolarizes the neuron to the region of de-inactivation 
for I A and for the LTS current (/ T ). As the internal free 
Ca 2+ concentration decreases, the membrane potential 
depolarizes to the voltage (about -60 mV) where the LTS 
current is activated, and this current acts to bring the 
membrane potential to the threshold for the fast Na + 
spike and the cycle is repeated. 

It will be noted that the inward, depolarizing I T is 
counteracted by I Af and the relative strength of these two 
currents may determine the presence and frequency of 
rhythmic discharge in serotonergic neurons. The pace¬ 
maker plateau period occurs between —60 mV and 
—50 mV, precisely the range in which both the LTS and I A 
become activated. When activated, the outward (hyperpo¬ 
larizing) I A may thus diminish the frequency of discharge 
and be responsible for the long plateau period. As will be 
discussed in Chapter 6, I A is also important because it is 
decreased by norepinephrine alpha 1-agonists, and is thus 
an important pacemaker system component that may be 
modulated by input from other neurons. 

In commenting on this model of the DR rhythmic 
activity, we underline the fact that both I A and I T are tran¬ 
sient in the sense of rapidly inactivating. Data presented 
indicate they both should be inactivated within 200 ms and 
thus seem not kinetically suitable conductances for model¬ 
ing the rhythmic activity of DR neurons. The plateau 
potential typically lasts several-fold longer than the inacti¬ 
vation time for these conductances and thus could not be 



[40] Khatebrffli (1992). 
In this study, NB neurons 
were investigated in 
guinea pig slices, filled 
with biocytin and immuno- 
histochemically identified 
to be ChAT +. 

[41] Khateb et at (1995a). 


[42] Alonso etal (1996). 


[43] Serafm et al (1996). 


caused by them. Voltage clamp studies of persisting rather 
than transient conductances, and of their kinetics and 
voltage sensitivity, appear to be needed. 
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5.4. Basal Forebrain and Medial 
Septum Neurons 

The intrinsic membrane properties of acetyl¬ 
cholinesterase-positive, presumably cholinergic basal fore¬ 
brain neurons recorded from the diagonal band (DB) 
nuclei and ventral part of the medial septum (MS) of 
guinea pig have been first studied in vitro by Griffith [39]. 
Three types of neurons were described as displaying slow 
AHP (duration of about 600 ms) or fast AHP (5-50 ms) of 
smaller amplitudes; a small proportion (7%) of cells fired 
in a burst pattern. The slow AHP neurons have been tenta¬ 
tively regarded as corresponding to some slowly firing 
cholinergic basal forebrain projection neurons, while the 
characteristics of fast AHP elements resembled those of 
fast-spiking (FS) cortical local-circuit cells. 

Subsequently, a series of studies have defined the 
intrinsic properties and oscillations displayed by choliner¬ 
gic and noncholinergic nucleus basalis (NB) neurons. In 
addition to the tonic firing pattern shown in vivo , magno- 
cellular NB neurons display rhythmic bursting activity 
mediated by a Ca 2+ -mediated LTS [40]. The rhythmic 
firing of cholinergic NB cells can be generated and pro¬ 
longed by NMDA application [41]. A comparative study of 
cholinergic and noncholinergic NB neurons revealed that 
the former fire rhythmic spike-bursts at low frequencies 
(<10Hz) riding on LTSs and tonic firing (10-15 Hz) 
when depolarized. Noncholinergic neurons discharge 
in a unique mode, with clusters of spikes interspersed 
with rhythmic subthreshold membrane potential oscilla¬ 
tions when depolarized from levels less negative than 
—55 mV [42]. 

In the MS, noncholinergic (presumably GABAergic) 
neurons discharge in rhythmic clusters of APs at frequen¬ 
cies ranging from 1-8 Hz as well as 20-60 Hz [43], that is, 
the frequencies of theta and beta/gamma oscillations. 
The subthreshold oscillations are eliminated by TTX. 


5.5. Thalamic Neurons 

The intrinsic properties of thalamic neurons allow 
them to function in two different modes in two distinct 
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types of behavioral states: a tonic discharge pattern during 
both EEG-activated states (wakefulness and REM sleep), 
accompanied by enhanced and accurate synaptic trans¬ 
mission of incoming information from the outside world 
during the adaptive waking state; and a bursting mode, 
associated with depressed transfer function during EEG- 
synchronized sleep (Fig. 5.17; see details in Chapter 7). 
While the study of electrical responsiveness of thalamic LG 
neurons in slices has been attempted since the mid-1970s 
[44] and postsynaptic potentials (PSPs) in rat and cat LG 
neurons have been investigated in vitro during the late 
1970s [45], the discovery of major intrinsic properties of 
thalamic neurons and of their ionic conductances started 
in 1982 [46]. In the same years, intracellular studies in vivo 
disclosed that thalamic relay and intralaminar neurons 
possess intrinsic properties similar to those investigated 
in vitro and put them in the context of the oscillatory and 


[44] Yamamoto (1974). 

[45] Kelly et al (1979). 

[46] Llinas andJahnsen 
(1982);Jahnsen and Llinas 
(1984a-b). 



Figure 5.17. Two firing modes of thalamocortical cell. Intracellular recording in centrolateral intra¬ 
laminar nucleus of cat under urethane anesthesia. Top trace, tonic firing at resting membrane potential 
(Wn = —60 mV) and rhythmic (~8 Hz) high-frequency spike bursts during episode with spontaneous 
hyperpolarization. Burst indicated by asterisk is expanded at right. Bottom, responses to depolarizing 
current pulses (identical parameters) at different V m by applying DC hyperpolarizing current. Note tonic 
firing at resting V m (—60 mV), silent zone at —65 mV, and high-frequency burst at —72 mV. From 
Steriade (1999a). 



[47] Deschenes et al 
(1982,1984); Steriade and 
Deschenes (1984). 

[48] Roy et al (1984). 

[49] Crunelli et al 
(1987a-c, 1988); Hirsch 
and Burnod (1987). 

[50] Steriade and Llinas 
(1988); Huguenard (1996); 
Chapter 5 in Steriade et al. 
(1997a). 


[51] Steriade (2001a-b). 


[52] Hernandez-Cruz 
and Pape (1989); 
Kammermeier and Jones 
(1997). 

[53] McCormick and Pape 
(1990a-b); Leresche et al. 
(1991); Soltesz et al (1991) 

[54] McCormick (1991a); 
Budde et al (1992). 


[55] Llinas and Yarom 
(1981). 


relay modes that typically characterize behavioral states of 
light sleep and wakefulness [47, 48]. A new series of in vitro 
added a series of data related to the various components of 
the long-lasting hyperpolarization in LG thalamic neurons 
[49]. The complex series of Na + , Ca 2+ , and K + conduc¬ 
tances of thalamic neurons, other than the conventional 
currents that generate the fast AP, are reviewed elsewhere 
[6, 50]. In vitro studies mainly related to transmitter 
actions are discussed in Chapter 6. 

Here, we briefly discuss some currents, mainly those 
that appear to be critical in the patterning of spindle and 
delta oscillations, the peculiar features of thalamic neu¬ 
rons during EEG-synchronized sleep. We emphasize that, 
while the intrinsic properties of thalamic neurons endow 
them with the ability to oscillate, the synchronized oscilla¬ 
tions in thalamocortical (TC) neurons, as they appear dur¬ 
ing natural sleep, require a synaptic network with a driving 
force for the coordination of individual oscillations. The 
importance of synaptic networks including the thalamic 
reticular (RE) GABAergic nucleus, the pacemaker of spin¬ 
dling, in synchronizing thalamic rhythmicity becomes 
evident when considering the absence of spindle rhythms 
in TC neurons deprived of inputs from reticular nucleus, 
despite their having identical intrinsic properties as RE- 
connected TC cells (see details in Chapter 7). We will also 
show that major intrinsic properties of TC cells are drasti¬ 
cally changed by synaptic activities, as seen in in vivo 
experiments [51]. 


5.5.1. Thalamocortical Neurons 

The intrinsic electrophysiological properties of TC 
neurons recorded from different dorsal thalamic nuclei 
are similar. They consist mainly of (a) a transient Ca 2+ cur¬ 
rent ( I T ) de-in activated by hyperpolarization and underly¬ 
ing low-threshold spikes (LTSs) crowned by rebound 
spike-bursts [6, 46, 47, 50]; (b) high-voltage Ca 2+ currents 
[52]; (c) a hyperpolarization-activated cation current (/ H ) 
that produces a depolarizing sag [53]; (d) a persistent Na + 
current (/Na(p)) [46]; and (e) different types of K + currents 
[46, 54]. These intrinsic properties are important in the 
generation and synchronization of thalamic oscillations 
(see Chapter 7). Below, we discuss some of these intrinsic 
properties in TC neurons. 

5.5.1.1. The Low-Threshold Ca 2+ Current 

The Ca 2+ -dependent LTS was first described in infe¬ 
rior olive neurons [55] and was thereafter found in 
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guinea pig thalamic neurons in vitro [46] and cat thalamic 
neurons in vivo [47]. As discussed in the first section of this 
chapter, the LTS is inactive at rest and is de-inactivated 
with membrane hyperpolarization (Fig. 5.18A). On the 
average, de-inactivation to allow the necessary level of 
regenerative response is attained at about —65 mV. The 
LTS is prevented by Ca 2+ blockers, such as Co 2+ or Cd 2+ , 
and it underlies a burst of fast Na + -dependent APs, that 
can be blocked by TTX (Fig. 5.18B). 

At the normal resting membrane potential, the 
thalamic-cell’s response to a depolarizing pulse is tonic 
repetitive firing and the response to an excitatory synaptic 
input is an EPSP that may trigger single spikes, whereas 
each of these stimuli applied to the hyperpolarized cell by 
a few millivolt from the rest elicits an LTS crowned by a 
burst of fast APs. The LTS and the superimposed burst may 
also be triggered at the break of a hyperpolarizing current 
pulse (Fig. 5.19). These intracellular data indicate that the 
LTS is the basis of the high-frequency bursts that character¬ 
ize the activity of TC neurons during EEG-synchronized 


ABC 




20 ms 



Figure 5.18. Two firing levels in thalamic neurons and ionic basis for low-threshold spike (LTS) in in vitro 
studies of guinea pig thalamus. A, cell was directly excited while being hyperpolarized by a constant 
current injection. Outward current pulse induces an LTS that triggers a burst of fast action potentials. 
B, same current pulse produces a subthreshold depolarization if superimposed on a slightly depolarized 
membrane potential level. C, after further depolarization by a direct current, pulse produces a train of 
action potentials. D, LTS generated by direct stimulation from a slightly hyperpolarized neuron. E, block¬ 
age of / Na by tetrodotoxin removes fast spike but leaves LTS unmodified. F, addition of Co 2+ to the bath 
abolishes LTS even when current pulse is increased in amplitude by 2.5 times, demonstrating that LTS is 
generated by low-threshold /Ca- Modified from Llinas andjahnsen (1982). 






[56] Steriade etal (1985). 

[57] Pare etal (1991). 

[58] Although some 
authors have hypothesized 
that spike-bursts of thala¬ 
mic relay neurons from 
lateral geniculate nucleus 
are also present during the 
waking state (Guido et al, 
1992), those data came 
from anesthetized animals. 
Subsequently, the same 
group worked in chroni¬ 
cally implanted cats and 
realized that spike-bursts 
are quite rare during 
wakefulness (Guido and 
Weyand, 1995) and, more 
recently, the same authors 
(Weyand et al, 2001) 
reported that “during 
wakefulness, <1% of action 
potentials are associated 
with bursting” (p. 1107) 
and found a “negative 
relationships between 


sleep when they become hyperpolarized (see details in 
Chapter 7). 

As shown both in vitro and in vivo , the de-inactivation 
of the LTS is not only voltage-dependent, but also time- 
dependent. Indeed, hyperpolarizing pulses of increasing 
duration produce graded de-inactivation and short-lasting 
hyperpolarizing current pulses subthreshold for rebound 
excitation can sum and trigger overt LTSs (Fig. 5.19) 
[56]. When periodic hyperpolarizing current ramps are 
injected at a frequency of 12.5 Hz, rhythmic burst dis¬ 
charges are observed at a frequency of about 2.5 Hz 
(Fig. 5.20). This frequency transformation suggests that 
temporal integration of short hyperpolarizations in nor¬ 
mal conditions could lead to production of rhythmic LTSs 
in thalamic neurons [56, 57]. 

The refractory period of LTS in virtually all TC 
neurons (but see exception below) is quite long, both 
in vitro and in vivo , that is, 150-200 ms [46, 47]. This fea¬ 
ture and the fact that LTS is dependent on hyperpolariza¬ 
tion of TC cells explain why spike-bursts are seen during 
slow-wave sleep, when these neurons are hyperpolarized 
by ~7-10 mV [58]. It is also known that spike-bursts of TC 
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Figure 5.19. Time-dependency of low-threshold conductance in thalamocortical neuron from ventro¬ 
lateral nucleus. Intracellular recording in cat under barbiturate anesthesia. Pairing of two (A) or one-to- 
four (B) hyperpolarizing current pulses with 2 nA (A) and 1 nA (B). Further explanations in text. 
Modified from Steriade et al (1985). 
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Figure 5.20. Frequency transformation of rhythmic hyperpolarizations by thalamocortical neurons. 
A, polygraphic recording showing how repetitive injection of subthreshold hyperpolarizing ramps at 
a frequency of 12.5 Hz is transformed in rhythmic bursting at 2.5 Hz. The amplitude of fast spikes is 
truncated. The arrow points to an isolated LTS. B, response of a thalamic ventrolateral neuron to a train 
of hyperpolarizing pulses at 12 Hz. Note the rhythmic occurrence of LTSs at 4 Hz. Modified from 
Steriade et al (1985) and Pare et al (1990a). 


neurons cannot follow frequencies above 6 Hz [59]. Thus, 
spike-bursts would not be able to follow rapidly recurring 
signals during wakefulness. 

A special class of TC neurons, recorded from the large¬ 
cell part of rostral intralaminar nuclei and antidromically 
activated from cortex at latencies indicating very fast 
conduction velocities (40-50 ms" 1 ), generate unusually 
high-frequency (900-1000 Hz), rhythmic (20-60 Hz) spike- 
bursts at relatively depolarized levels (Fig. 5.21). The 
LTSs of these rostral intralaminar neurons have a shorter 
refractory phase (60-70 ms) than other TC neurons 
(150-200 ms), which allows them to rebound following 
each IPSP during sleep spindles [60]. 


attention and bursting” 

(p. 1113). For the 
incidence of spontaneous 
spike-bursts fired by TC 
neurons during waking and 
sleep, see also Steriade 
(2001c). 

[59] McCormick and 
Feeser (1990). 


[60] Steriade^ al. 
(1993c). 
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Figure 5.21. Fast oscillatory patterns of a thalamocortical neuron recorded from the dorsolateral part 
of the thalamic centrolateral (rostral intralaminar) nucleus of cat. Bursting patterns were induced by 
depolarizing current pulses at different V m s and also occurred spontaneously. A, activities triggered by a 
depolarizing current pulse (+1.2 nA, 50 ms) at different V^s (indicated at left). Two examples are illus¬ 
trated for each V m . At bottom, the presence of an LTS leading to high-frequency (800 Hz) spike-burst at 
— 78 mV and its absence at —84 mV. B, oscillatory patterns similar to those elicited by current injection 
occurred spontaneously at similar T4i s (from top to bottom, —58 mV, —64 mV, and —78 mV). From 
Steriade et al (1993c). 

5.5.1.2. High-Voltage Ca 2+ Currents 

Presumed intradendritic recordings in thalamic 
cells studied in vitro [46] and in vivo [48] revealed a 
voltage-dependent, high-threshold Ca 2+ conductance that 
triggers depolarizing responses followed by the activation 
of a Ca 2+ -dependent K + conductance, gk(Ca)* I n cortically 
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evoked responses of TC neurons in vivo , the disclosure of 
this high-threshold conductance requires an increase in 
stimulus strength (as compared to the primary EPSP) or 
the facilitatory action of 2-3 stimuli. This conductance is 
reflected in the depth of the early IPSP as repetitive fast¬ 
rising depolarizations with or without superimposed spike 
discharges (Fig. 5.22) [61] and it corresponds to compo- [61] Steriade (1984). 
nent c in Fig. 5.23. This high-threshold secondary excita¬ 
tion was identified in vivo as a dendritic Ca 2+ conductance 
on the basis of intracellular injections of ethyleneglycol- 
tetracetic acid (EGTA), a substance that binds free calcium. 

This treatment prevents the development of the subsequent 
£k(Ca)- Consequently, the EGTA injections in presumed 
dendrites of thalamic neurons lead to the appearance of 
long-lasting plateaus and prolonged spike discharges [48]. 



20ms - 


4 ms 




Figure 5.22. Secondary excitation (see component c in Fig. 5.23) in cat thalamocortical (TC) neurons. 
Intracellular recordings under barbiturate anesthesia. A, response of a ventrolateral TC cell to cortical 
precruciate area 4 stimulation (arrowhead); the secondary excitation appears as two rapidly rising 
depolarizing events (arrow) with a latency of about 25 ms in the deep portion of the early IPSP. 
B, response of a ventrobasal TC cell to stimulation of the medial lemniscus in the medulla (dot) and 
antidromic response to stimulation of the primary somatosensory cortex (arrowhead in 1); note collision 
of cortically evoked antidromic spike with a preceding orthodromic discharge in 1. In 1-4, increasing 
stimulation intensities to medial lemniscus; note appearance of secondary excitation in 3 and 4 during 
the early IPSP (arrow in 4). Modified from Roy et at (1984) and Steriade (1984). 
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Figure 5.23. The archetypal response sequence of a thalamocortical (TC) cell to cortical stimulation. 
Intracellular recording of a cat ventrolateral TC neuron under barbiturate anesthesia (1) and diagram¬ 
matic representation of five components in the excitatory-inhibitory response sequence (2) Components 
are: a, primary EPSP associated or not with antidromic spike (doted line); b, early Cl-dependent IPSP; 
c, secondary excitation; d, late part of the long-lasting hyperpolarization; and e, postinhibitory rebound. 
See further explanations in text. Modified from Roy et al. (1984). 


[62] Maekawaand 
Purpura (1967a). 

[63] Pare etal. (1990b). 


[64] Mulle et al (1985). 


[65] Steriade and 
Timofeev (1997). 


Some of the fast prepotentials (FPPs) seen in thalamic 
cells [47, 62, 63] probably represent dendritic spiking 
since they can be blocked in an all-or-none manner by 
hyperpolarizing currents. Intracellular injections of QX314 
in thalamic neurons lead to the appearance of very numer¬ 
ous FPPs, because the dendritic conductance dominates 
the cell’s behavior when somatic Na + channels are blocked 
[64]. The main role of dendritic spiking is to assist the 
neuron in the transfer of EPSPs from distal portions of 
dendrites toward the somatic spike trigger zone. 

High-threshold spikes also appear during augment¬ 
ing responses in TC neurons of decorticated animals [65]. 
Rhythmic thalamic stimuli within the frequency range of 
sleep spindles produce decreased amplitudes of IPSPs and 
augmented responses to the second and following stimuli. 
This augmentation consists of a progressive increase in 
the number of synaptically elicited APs, associated with a 
progressive neuronal depolarization. The above-described 
type of augmentation is termed high-threshold [65] 
because it occurs at depolarized levels (Fig. 5.24) (see 
details in Chapter 8). 


5.5.1.3. Hyperpolarization-Activated Cation Current 


[66] Steriade et al 
(1991a); Curro Dossi et al. 
(1992a). 


This current (/ H ), described in vitro [53] and in vivo 
[66], is implicated, together with the Ca 2+ -dependent 
T-current, in the generation of pacemaker oscillations in 
TC cells within the frequency range of 1-4 Hz (Fig. 5.25). 
Such oscillations represent the thalamic, clock-like compo¬ 
nent of sleep delta waves, while the cortical component of 
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delta waves is generated in neocortex, even after thala¬ 
mectomy (see Chapter 7). 

5.5.1.4. Persistent (Noninactivating) Na + Current 

The voltage-dependent, noninactivating (or very slowly 
inactivating) Na + current is also termed persistent and is 
referred to as / Na(p) . It was first described in cerebellar 
Purkinje cells where it generates a slow TTX-sensitive depo¬ 
ts?] Llinas and Sugimori larizing response [67] (Fig. 5.26A). It is located at the soma 

^980). and has a lower activation threshold and slower kinetics 

than those generating the fast AP. In the thalamus, g Na < P )was 
demonstrated in vitro [46] (Fig. 5.26B) and was found to be 
important in cell oscillation, as it counterbalances 7^ to gen¬ 
erate a rebound excitation. In vivo studies have shown the 
crucial role of / Na ( p) in the patterning of sleep spindles by 
means of inactivation of Na + channels through intracellular 
injection of quaternary derivatives of local anesthetics, such 
as QX314 [64]. After QX314 injection in TC neurons, the 
spontaneous and evoked hyperpolarizations become 
exceedingly long-lasting (due to the dominance K + currents 
unopposed by the slow Na + conductance) and rhythmic 
postinhibitory rebounds disappear (Fig. 5.27). 
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5.5.1.5. Voltage- and Ca 2+ -Dependent 
K + Conductances 

There are at least four different voltage-dependent 
K + currents that are activated by depolarization and inacti¬ 
vated with time. The most quickly inactivating is I A [8] that 
[68] Huguenard et al inactivates over a period of tens of milliseconds [54, 68]. 

(1991)- Two more slowly inactivating K + currents are termed 

and Tks [54]. Among Ca ), the AHP potential is a rate- 
limiting factor. This is demonstrated by the different 
duration of AHPs in two distinct classes of thalamic 


Figure 5.24. Intrathalamic high-threshold augmenting poten¬ 
tials developing in parallel with progressively decreased hyper- 
polarizations. Intracellular recordings in decorticated cat, 
under ketamine-xylazine anesthesia. A, Thalamocortical neuron 
from the ventrolateral nucleus was tested with trains of five stim¬ 
uli at 10 Hz under steady hyperpolarizing current (—0.8 nA) 
(left), at rest (0 nA) (middle), and under steady depolarizing 
current (+0.8 nA) (right). Superimposed responses were offset 
at the initial V m (see real V m s in C). B, superimposed and 
expanded early responses (at the same V m as in A). The bottom 
arrow in the middle column tentatively indicates the level where 
the initial excitatory postsynaptic potential gave rise to a low- 
threshold response, whereas the top arrow marks the inflection 


where high-threshold augmenting responses were initiated 
at a more depolarized level. Note action potentials triggered by 
the augmented response under +0.8 nA (right column). C, the 
early responses were superimposed and expanded but shown 
at the real V m . In all superimpositions, the response to the 
first stimulus in the train is at the indicated ( —72 mV under 
—0.8 nA, —62 mV without current, and —51 mV under 
+0.8 nA). The next two traces illustrate the responses to the 
fifth and fourth stimuli, and the last traces represent responses 
to the second and third stimuli. Note, under +0.8 nA, the 
antidromic spike immediately after the first stimulus in the train 
at —51 mV but its blockage at more hyperpolarized levels. From 
Steriade and Timofeev (1997). 
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Figure 5.25. Intrinsic cellular mechanisms of thalamic clock-like delta oscillation. A, voltage-dependency 
of delta oscillation. Shown is the intracellular recording in vivo of a lateroposterior thalamocortical 
neuron after decortication of areas projecting to that nucleus in an anesthetized cat. The cell oscillated 
spontaneously at 1.7 Hz. A 0.5-nA depolarizing current (+DC) pulse (between arrows), bringing 
the membrane potential to —63 mV, prevented the oscillation, and its removal set the cell back into the 
oscillatory mode. Three cycles marked by the horizontal bar in the upper trace are expanded below. 
B, spontaneous rhythmic burst firing in a cat lateral geniculate relay cell recorded in vitro before and 
after block of voltage-dependent Na + conductance with application of the Na + channel blocker 
tetrodotoxin. Modified from Steriade etal (1993d). 

neurons: TC cells have AHPs of about 70 ms, whereas 

in reticular neurons the AHP terminates after 8-10 ms [69] Mulle etal. (1986). 
[69]. Accordingly, the firing rates of TC neurons in behav¬ 
ing animals do not generally exceed 7-10 Hz during EEG- 
synchronized sleep, whereas reticular neurons display dur¬ 
ing the same behavioral state, discharge frequencies of 
about 20 Hz; and, on arousal, reticular neurons may reach 
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Figure 5.26. Plateau depolarization generated by persistent Na + current, / Na(p) . A, direct activation 
of an intracellularly recorded cerebellar Purkinje cell in vitro . Voltage-dependent CA 2+ conductance was 
blocked by addition of CdCl to the bathing solution. Transmembrane current steps (lower trace) 
depolarized cell to threshold for spike initiation. Activation consisted of action potentials firing repeti¬ 
tively on a slowly rising depolarizing response that terminates on a plateau potential and spike inactiva¬ 
tion. Higher two stimuli generate plateaus that outlast stimulus duration. A fast burst of spikes is seen as 
plateau depolarization returns to resting membrane potential. This plateau is generated by an equilib¬ 
rium state between / K and / Na ( P ). B, similar set of responses as in A but for a thalamic neuron. A very small 
depolarizing current step is given, which triggers a rapid depolarization of the thalamic cell and a plateau 
that lasts for several seconds. This plateau is partly produced by / Na ( p ), and part of voltage is produced by 
outward current pulse. However, latter component is small and / Na ( p) is responsible for much of plateau 
amplitude. Superimposed on this plateau are short-lasting depolarizing pulses that generate single spikes 
and, as plateau reaches a steady level, generate repetitive firing. For thalamic neurons, / Na ( p ) is power¬ 
ful enough to generate a plateau response without blockage of voltage-dependent Ca 2+ conductances. 
A, unpublished data from R. Llinas and M. Sugimori. B, modified fromjahnsen and Llinas (1984a). 


firing rates between 50 and 100 Hz that are not seen in TC 

[70] Steriade et al. (1986). neurons [70]. 


[71] Timofeev and 
Steriade (1997). 


[72] Steriade (2001a-b). 


5.5.1.6. Effects of Synaptic Activities on Some 
Intrinsic Properties 

Like in cortical neurons (see Section 5.6), the intrin¬ 
sic properties of thalamic neurons are subject to signifi¬ 
cant changes due to impact of synaptic activities arising 
in afferent networks. Thus, fast oscillations, consisting of 
EPSPs generated in deep cerebellar nuclei, greatly reduce 
and even abolish the LTS of TC neurons in ventrolateral 
nucleus [71] (Fig. 5.28). Also, GABA A _ B -mediated IPSPs 
have a shunting influence on LTSs by delaying the genera¬ 
tion of rebound LTSs (Fig. 5.29). Other effects of net¬ 
work activities on intrinsic properties of TC neurons are 
discussed elsewhere [72]. 


5.5.2. Local-Circuit Inhibitory Cells 

Intracellular studies of local-circuit GABAergic neu¬ 
rons have been performed in thalamic slices from LG 
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Figure 5.27. Effect of intracellular injection of QX314, a quaternary derivative of lidocaine that blocks 
Na + spike electrogenesis and / Na(p) , on thalamic spindle oscillations. Intracellular recording of a ventro¬ 
lateral TC cell in cat under barbiturate anesthesia. A and B, polygraphic recordings of spontaneous spindle 
oscillations 2 min (A) and 12 min (B) after impalement with a pipette containing 0.1 M QX314. Spikes 
are truncated. Asterisks in A and B indicate LTSs that are expanded in C and D, respectively. The LTS in 
C triggers a Na + action potential. Note, in B, the effect of QX314; abolition of spindle-related rhythmic 
LTS rebounds and production of a single LTS at the end of the long-lasting hyperpolarization. E and 
F, same cell, with spindle oscillations triggered by stimulation of the motor cortex (in E, 2 min after 
impalement), and the abolition of cortically evoked spindles as an effect of QX314 (in F, 15 min 
after impalement). Modified from Mulle et ai (1985). 


nucleus of rats and cats. Initially, the emphasis was placed 
on the balance between two opposing currents (/ r and I A ) 
in promoting spike-bursts, with the conclusion that I A 
opposes the burst [73]. 

Recent studies using whole-cell patch recording of 
formally identified local-circuit interneurons in the LG 
nucleus showed that these cells are more electrotonically 
compact than previously believed. Robust burst firing was 
obtained in all interneurons when a depolarizing step was 
imposed at a slightly hyperpolarized membrane potential 
[74] (Fig. 5.30). The bursts of local interneurons have 
longer duration and lower intraburst frequency than the 


[73] Pape et al (1994); 
Pape and McCormick 
(1995); McCormick el at 
(1997). 


[74] Zhu etal. (1999a-b). 
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Figure 5.28. Alterations in basic electrophysiological properties of thalamocortical neurons during the 
fast oscillations in cerebello-thalamic pathway. Intracellular recording in cat under ketamine-xylazine 
anesthesia. Amplitude and duration of depolarizing (1 and 2) and hyperpolarizing (3-5) current pulses 
as indicated by numbers on the traces that correspond to the protocol diagram (inset), in the absence 
(A) and presence (B) of spontaneously occurring fast oscillations. Resting V m) —60 mV. Action potentials 
are truncated. Note in B the diminution of voltage deflections (3-4) triggered by hyperpolarizing cur¬ 
rent pulses and abolition of low-threshold spike during the fast oscillation (3-5). From Timofeev and 
Steriade (1997). 


bursts of TC neurons. Moreover, LG in ter neurons display 
an oscillatory property within a frequency range of 
5-15 Hz, similar to that previously reported in vivo at the 
[75] Steriade et al (1972). level of other thalamic nuclei [75], and the burst oscilla¬ 
tion could be initiated by stimulation of optic tract fibers, 
suggesting that it may occur in natural conditions [74]. 
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Figure 5.29. The low-threshold spike (LTS) and its interaction with synaptic responses in thalamocortical 
neurons. Intracellular recordings from ventrolateral nucleus in cat under barbiturate anesthesia. Left 
column shows responses to intracellularly applied current pulses (depolarizing and hyperpolarizing) 
during periods largely free of synaptic events (interspindle lulls). In the right column, local thalamic 
stimuli (marked by triangle) were applied during the current pulses. Note the delays in generation of 
rebound LTSs. From Timofeev et at (2001a). 

5.5.3. Thalamic Reticular GABAergic Neurons 

Reticular neurons operate in two functional modes, 
similar to TC neurons: tonic discharges during brain- 
active states and rhythmic spike-bursts during natural slow- 
wave sleep. The spike-bursts are much longer (30-80 ms, 
but up to 1 s when followed by a tonic tail) than in TC neu¬ 
rons (5-15 ms), and RE-cells’ bursts display an accelerando- 
decelerando pattern, different from the progressively 







Figure 5.30. Physiological and morphological characteristics of bursting and oscillatory behavior of rat 
lateral geniculate (LG) local interneurons in vitro. Whole-cell patch recordings. A, responses to a series 
of current pulses of an interneuron (Aa) and a thalamocortical (TC) neuron (Ab). The resting mem¬ 
brane potentials were —66 mV (Aa) and —71 mV (Ab). Spike height was truncated artificially due to dig¬ 
ital sampling. B, the interneuron has a higher input resistance and longer membrane time constant than 
the TC neuron. C, varying burst oscillation with increasing current injection in LG interneuron. Right, 
autocorrelation function for each trace. D, camera lucida reconstructions of a physiologically identified 
TC neuron (a) and two interneurons (b-c). Modified from Zhu et al. (1999a). 


[76] Domich et al (1986). 


[77] Huguenard and 
Prince (1992). 

[78] Contreras et al 
(1993). 


increasing interspike intervals in TC neurons [70, 76]. 
These studies on naturally awake and sleeping cats 
(Fig. 5.31) were followed by intracellular recordings in 
acute experiments, both in vivo and in vitro , which showed 
that the LTSs of reticular neurons are located in dendrites 
[69, 77]. Presumed dendritic recordings from reticular 
neurons in vivo revealed spike-bursts and the graded 
nature of dendritic LTSs (Fig. 5.32) [78]. The prolonged 
burst responses of reticular neurons (see Fig. 5.31), which 
is modulated by the level of membrane hyperpolarization 
and the intensity of depolarizing inputs (Fig. 5.33), indi¬ 
cate that reticular neurons exhibit a bursting behavior 
with a broad range of integrative properties. 

The graded bursting behavior of reticular neurons 
support their role as generator and synchronizer of spindle 
rhythmicity in vivo [56]. Intracellular recordings in vivo 
combined with computational studies showed that in con¬ 
trast to reticular cells with intact dendritic arborizations in 
which there is a high density of low-threshold transient Ca 2+ 
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Figure 5.31. Characteristics of spike-bursts of rostral thalamic reticular neurons during natural slow-wave 
sleep. Chronically implanted cat. A, two ink-written traces are unit discharges and focal waves within the 
reticular nucleus recorded simultaneously through the same microelectrode. The oscilloscopic traces, 
shown below, depict two spike-barrages, indicated by one and two asterisks (corresponding to those on 
the above ink-written trace). Note, in double-asterisk barrage, initial, repetitive spike-bursts (arrows) in 
close relation with focal spindle waves at 7.5 Hz. B, sequential RE-cell’s firing and reticular focal spindle 
waves during transition from waking to slow-wave sleep. SMF, sequential mean frequency; MSP, ampli¬ 
tudes of simultaneously recorded field potentials, filtered to frequency range of sleep spindles 
(7-15 Hz). Modified from Steriade et al (1986). 

currents (7 Xs ), reticular cells in which most of the dendritic 
arborizations were removed have a much lower density of I Ts 
[79]. With normal (high density) / Ts in dendrites, the spike- 
bursts show accelerando-decelerando patterns, as is the case 
during natural slow-wave sleep [70, 76]. The long dendrites 
of reticular neurons, up to 1.5-2 mm along the curved axis 
of the nucleus [80] are probably impaired when thalamic 
slices are prepared. This may explain why spindles occur in 
the deafferented reticular neurons in vivo [81] and not in 
slices maintained in vitro [82] (see details in Chapter 7). 

The tonic discharges that follow low-threshold spike- 
bursts of GABAergic reticular neurons (see Fig. 5.31) are 
due to a Ca 2+ -activated nonselective cation current, I CAN [83] 

(see details concerning modulatory actions in Chapter 6). 


[79] Destexhe etal (1996). 


[80] Yen and Jones (1983); 
Steriade and Deschenes 
(1984). 

[81] Steriade al. 

(1987a). 

[82] Von Krosigk et al 
(1993). 


[83] Bal and McCormick 
(1993). 
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Figure 5.32. Presumed dendritic recordings reveal dendritic spikes elicited by depolarization of a cat 
thalamic reticular neuron. Intracellular recording in vivo , under urethane anesthesia. A, constant- 
amplitude depolarizing pulses were applied at the same membrane potential (V m ). B, the excitatory 
postsynaptic potential triggered by internal capsule stimulation consistently triggered a burst of three 
dendritic spikes. C, the depolarizing waves of cortically evoked spindles were also capable of triggering 
dendritic spikes. Action potentials constituting the early burst response to cortical stimulation are 
truncated. Traces are displayed vertically for clarity. From Contreras et al (1993). 


5.6. Neocortical Neurons 


5.6.1. Characteristics of Firing Patterns in 
Four Neuronal Types and Underlying 
Ionic Currents 


[84] Connors et al (1982); 
McCormick etal (1985); 
Connors and Gutnick 
(1990). 


Four different types of firing patterns are usually 
described in intracellularly recorded neocortical neurons 
by applying depolarizing current pulses in vitro [84] and 
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Figure 5.33. Gradual nature of the burst response in cat reticular neurons, recorded from the rostrolateral 
sector of the nucleus. Urethane anesthesia. A, a depolarizing pulse of constant amplitude was applied 
while the cell was progressively hyperpolarized by direct current. B, a depolarizing pulse of 0.3 nA was 
applied at rest (trace 1) and at a hyperpolarized V m (trace 2). The V m was then kept constant and the pulse 
was reduced in amplitude. The burst response diminished in parallel. From Contreras et ai (1993). 







[85] Nunez etal (1993); 
Gray and McCormick 
(1996). 

[86] Steriade et al. 
(2001a). 


[87] Steriade^ al. 
(1998a). 


[88] Nishimura et al 
( 2001 ). 

[89] Rudy and McBain 
( 2001 ). 

[90] Solomon etal (1993). 

[91] Kawaguchi (1993); 
de la Pena and Geijo- 
Barrientos (1996); 
Destexhe etal. (2001). 

[92] Brown et al (1993). 

[93] Schwindt et aL 
(1988a-b, 1989). 


in vivo under anesthesia [85] as well as in chronically 
implanted, naturally awake and sleeping animals [86]. 
These four neuronal types, recorded intracellularly in 
the awake cat, are illustrated in panel A of Fig. 5.34. 
(a) Regular-spiking (RS) neurons constitute the majority 
of cortical pyramidal neurons. They display trains of single 
spikes that adapt quickly or, more often, slowly to direct 
stimulation, (b) Fast-rhythmic-bursting (FRB) neurons 
give rise to high-frequency (300-600 Hz) spike-bursts 
recurring at fast rates (30-50 Hz). Some of these neurons 
are found in deep layers and are antidromically activated 
from the thalamus (Fig. 5.35); others are local-circuit neu¬ 
rons [87]. FRB neurons display spontaneously occurring, 
compound EPSPs consisting of fast (~30-40 Hz) depolariz¬ 
ing wavelets (see panel C in Fig. 5.35), suggesting that 
these FRB neurons are the target of another excitatory 
FRB cell, (c) Intrinsically bursting (IB) neurons generate 
clusters of APs, with spike inactivation, (d) FS neurons 
fire thin APs and sustain tonically very high firing rates 
without frequency adaptation. The duration of intracellu¬ 
larly recorded APs is between 0.6 and 1 ms in RS neurons, 
with slightly longer spikes fired by IB neurons. In contrast, 
both FRB and FS neurons fire much shorter APs, with 
modes at about 0.3 ms [86]. 

The spike-bursts in IB neurons develop from a depo¬ 
larizing afterpotential (DAP), as is also the case for FRB 
neurons (see arrows in Figs. 5.35B and 5.36B). The DAPs 
of IB neurons are due to the activation of the persistent 
Na + current, / Na(p) , as they are sensitive to TTX and QX314 
[88]. As to the high-frequency spike-bursts and very brief 
duration of spikes fired by FRB neurons, they are probably 
due to voltage-gated K + currents of the Kv3 subfamily, 
which are characterized by very fast deactivation rates— 
a property that underlies fast repolarization of APs [89]. 

Other currents of cortical pyramidal neurons are 
a hyperpolarization-activated cation current, / H [90]; 
a low-threshold Ca 2+ current de-inactivated by hyperpolar¬ 
ization [91]; high-threshold Ca 2+ currents [92]; and 
a series of K + currents [93]. 


5.6.2. Changes in Firing Patterns During Synaptic 
Activities and Shifts in Behavioral State 

In contrast with the invariable responses of neo- 
cortical cells obtained in slices, which lack spontaneously 
occurring changes in neuronal activity and display no or 
negligible background synaptic activities, the four classes 
of neocortical neurons described above are subject 
to alterations of their firing patterns with changes in 
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Figure 5.34. Electrophysiological identification of four different cell-classes in neocortex. Chronically 
implanted, awake cats. A, responses of regular-spiking (RS), fast-rhythmic-bursting (FRB), fast-spiking 
(FS), and intrinsically bursting (IB) neurons from area 4 to depolarizing current pulses (0.2 s, 0.8 nA). 
B, changing firing patterns in the same cortical FRB neuron by increasing the strength of direct depolariza¬ 
tion. Recording from area 3 (somatosensory) neuron, together with EEG from area 4 and electromyogram 
(EMG). Depolarizing current pulses (0.2 s in duration) with different intensities evoked different firing 
patterns: RS (0.3 nA), FRB (0.6 nA), and FS (1 nA). From Steriade et al (2001a, A) and unpublished data 
by M. Steriade, I. Timofeev, and F. Grenier (B). 
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Figure 5.35, Fast-rhythmic-bursting corticothalamic neurons. Cats under ketamine-xylazine anesthesia. 
A, physiological identification of a corticothalamic cell from layer VI in area 5. Stimulus (arrowhead) to 
thalamic lateral posterior nucleus elicited an antidromic (a) spike followed by orthodromic (o) response 
(upper trace, resting membrane potential —55 mV). At a hyperpolarized level (lower trace), the 
antidromic response failed but the orthodromic response survived. This neuron is an example of a cell 
interposed in a corticothalamocortical loop. B, fast rhythmic bursts in an identified corticothalamic 
neuron from area 5, elicited by direct depolarization of the cell. Responses to three depolarizing steps 
(0.4, 0.8, and 1.2 nA) are illustrated. The initial part of each response is expanded on the right (arrow 
indicates depolarizing afterpotentials, DAPs). Note progressive increase in the number of action poten¬ 
tials within bursts (up to 500 Hz) and in the number of rhythmic bursts (from 20 to 30 Hz) by increasing 
the direct depolarization. C, a corticothalamic neuron fired high-frequency spike-bursts in response to 
a depolarizing current pulse (0.8 nA) and also displayed spontaneously occurring, compound excitatory 
postsynaptic potentials consisting of fast (~30-40 Hz) depolarizing wavelets (see text). From Steriade 
etal (1998a). 
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[94] These changes, 
observed in vivo , are due to 
intact brain connectivity 
under this experimental 
condition. Indeed, in vitro 
studies on sensorimotor 
neocortex showed that by 
increasing the slice from 


membrane potential, during brain activation elicited by 
modulatory systems, and during shifts in the state of 
vigilance of behaving animals [94]. Such changes indicate 
that far from being inflexible, one type discharge may 
develop into another one. Besides, the location of various 
neuronal types is far from being exclusively confined to 
distinct cortical layers, as suggested in earlier slice studies. 
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Initially, FRB neurons, also termed “chattering,” were 
found in the visual cortex only as pyramidal-shaped cells 
located in superficial layers, but they were subsequently 
recorded at all investigated depths, from 0.25 to 1.5 mm, 
in motor and association cortical areas [87]. The deep 
location of FRB neurons was demonstrated by antidromic 
invasion from appropriate thalamic nuclei (see panel A in 
Fig. 5.35) and the fact that the same type of firing pattern 
belongs to local-circuit aspiny or sparsely spiny neurons 
was demonstrated by intracellular staining (Fig. 5.36). 
Similarly, IB neurons recorded from sensorimotor cortical 
slices were found at a narrow range of depths, comprising 
layer IV and the more superficial parts of layer V [95] but 
subsequent studies in vivo found such cells also in layer III 
and in vitro investigators found that IB neurons are also 
located “in all layers below layer I,” with apical dendrites 
densely coated with dendritic spines [95]. 

The first difficulty in maintaining a strict classification 
in four distinctly separate cortical cell classes, partly 
based on the duration of APs, is that neurons with brief 
(0.3-0.4 ms) APs are not just FS-firing neurons, conven¬ 
tionally regarded as local-circuit GABAergic neurons, but 
also long-axoned, corticothalamic (glutamatergic, thus 
excitatory) FRB cells (Fig. 5.35A). Also, in chronically 
implanted animals, RS neurons, which are overwhelm¬ 
ingly pyramidal-shaped neurons, fire surprisingly thin APs 
(<0.5 ms), not far from the duration of FS-cells’ spikes. 

An adding factor against this strict classification is the 
transformation of firing patterns in the same cortical neu¬ 
ron. Thus, corticothalamic neurons, as well as local-circuit 
sparsely spiny basket (presumably inhibitory) interneu¬ 
rons, may pass from an RS to an FRB and eventually an FS 
firing pattern by increasing the strength of the depolariz¬ 
ing current pulse (Fig. 5.36). This transformation in 
discharge patterns, by increasing the intensity of direct 
depolarization, also occurs in chronically implanted, natu¬ 
rally awake animals (see panel B in Fig. 5.34). Synaptic 
activity generated in corticocortical and TC networks dur¬ 
ing various functional states also modifies the firing pat¬ 
terns of FRB neurons. Thus, FRB patterns evoked during 
the silent background activity of silent periods between 
spindle wave sequences (these silent epochs may mimic 
the absence of background activity in slices maintained 
in vitro), develop into patterns resembling FS-type firing 
during epochs with spindle sequences, with rich synaptic 
activity produced by TC volleys (Fig. 5.37). 

A reorganization of firing patterns may also occur in 
IB-firing neurons by changes in the membrane potential 
and during shifts in the behavioral state of vigilance from 
deafferented to activated states. The bursts of IB neurons 


0.4 mm to 0.5 mm, the 
probability of connections 
rose about three times and 
spontaneous activity 
increased significantly 
(Thomson etal, 1996; 
Thomson, 1997). The 
increase in connectivity 
and background activity 
on increasing the slice 
thickness by just 0.1 mm 
may explain many differ¬ 
ences between some results 
from slices and those from 
the intact brain. 

[95] Chagnac-Amitai et al 
(1990); Chen etal (1996). 
See also Nishimura et al 
(1996). 




Figure 5.36. Changes in discharge patterns of fast-rhythmic-burst (FRB) neurons by increasing the inten¬ 
sity of direct depolarization (200-ms pulses in both A-B neurons). Ketamine-xylazine anesthesia. A shows 
an identified corticothalamic neuron in area 7 that, upon subthreshold depolarization (0.4 nA), dis¬ 
played a passive response; pulses of 0.8,1, and 1.2 nA elicited high-frequency spike-bursts with increasing 
repetition rates (from 30 to 40 Hz) and number of action potentials within each burst; and, finally, fired 
tonically at 450 Hz, without frequency adaptation (1.4 nA). Intracellular staining showed its pyramidal 
shape and location in layer VI (not shown). B shows a similar transformation, from single spikes to rhyth¬ 
mic spike-bursts ('-40 Hz), and finally to tonic firing by increasing the intensity of direct depolarization 
in a morphologically identified local-circuit, sparsely spiny neuron located in layer 3 of area 7 (see C). 
Spontaneous action potentials showed their very brief duration (0.3 ms at half amplitude; not depicted). 
C is the camera-lucida reconstruction of a local-circuit cell and a photomicrograph of the same neuron 
(same as in B). From Steriade etal (1998a). 
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[96] Mason and Larkman 
(1990); Timofeev et al. 
(2000a). 

[97] Steriade et al 
(1993a). 


are inactivated and they develop into RS firing patterns 
during maintained depolarization of these neurons 
[96] or during brain activation elicited by stimulation of 
the brainstem cholinergic nuclei [97] (Fig. 5.38). Then, 
neocortical neurons could operate in two modes, switch¬ 
ing between bursts (IB pattern) and tonic discharges 
(RS pattern), as a function of modulatory neurotransmit¬ 
ters. A similar transformation occurs during shifts from 
the natural state of slow-wave sleep to either REM sleep 
or wakefulness when the membrane potential of cortical 
neurons is slightly depolarized [86]. Different (IB and RS) 
firing patterns of the same neuron may be evoked by depo¬ 
larizing current pulses (with the same parameters) applied 
during slow-wave sleep and REM sleep, respectively, and 
the mode of interspike intervals during the spontaneous 
activity in slow-wave sleep (3-3.5 ms) reflects the presence 
of spike-bursts, while this mode was absent in REM sleep 
and many more longer intervals (20-100 ms) during 
REM sleep reflecting the single spike firing in the latter 
activated state (Fig. 5.39). 

The above-described reorganization in firing pat¬ 
terns, generated by intrinsic cellular properties under the 
modulatory influences of synaptic activities in complex 
neuronal networks, may explain different proportions of 
various neuronal classes under different experimental 
conditions. Comparing a sample of neurons that were 
selected because depolarizing current pulses could be 
applied in chronically implanted animals—during the 
steady state of quiet waking without phasic motor events 
with more than 1,000 intracellularly recorded neurons 
recorded from intact cortex under anesthesia or from 
small isolated cortical slabs in vivo —revealed the following 
differences in the incidence of some neuronal classes. 
Neurons displaying the firing patterns of FS neurons (con¬ 
ventionally regarded as local-circuit inhibitory cells) are 
much more numerous in experiments on naturally alert 
animals (24%) than in previous experiments on the intact 
cortex of anesthetized animals (10%) or in small isolated 
cortical slabs in vivo (4%) [86]. The increased proportion 
of FS-firing neurons may be due to the transformation of 
other firing patterns into that of FS cells, such as depicted 
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Figure 5.37. Changing in firing patterns of cortical fast-rhythmic-bursting neuron by synaptic activity in 
thalamocortical systems. Intracellular recording of corticothalamic area 21 neuron in cat under barbitu¬ 
rate anesthesia. Top, 3 depolarizing current pulses ( + 1.2 nA) were applied every second in period with 
poor synaptic activity (first two pulses, before spindle sequence) and during spindle. Below, expanded 
responses to the second pulse (asterisk) and the third pulse (two asterisks). Note that the pattern of fast 
(-~35 Hz) rhythmic spike-bursts during period with poor synaptic activity (as in slices) changed into a 
pattern close to that of a fast-spiking cell when the pulse was applied during the spindle sequence. 
Unpublished data by M. Steriade, I. Timofeev, and F. Grenier. See also Steriade et al. (1998a). 




Figure 5.38. Transformation of bursting to tonic firing patterns in neocortical neurons by changing the 
membrane potential {V m ) and synaptic activity. A, responses of intrinsically- bursting neuron in isolated 
cortical slab from suprasylvian gyrus in vivo (cat under ketamine-xylazine anesthesia) to the same inten¬ 
sity of depolarizing current pulse (0.5 nA) at the resting V m ( — 70 mV) and under slight depolarization 
( + 0.2 nA, -63 mV). A typical burst is expanded at right (arrow). B, area 7 neuron in cat under urethane 
anesthesia, recorded in vivo. An IB cell (as identified by depolarizing current pulses) fired spike-bursts 
during the slow-sleep oscillation and transformed this burst firing into tonic, single action potentials 
following brain activation produced by stimulation (horizontal bar, 1.8 s, 30 Hz) of the pedunculopon- 
tine tegmental (PPT) nucleus. Arrow points to an expanded detail showing a spike-burst followed by 
single spikes. A, modified from Timofeev et al (2000a). B, modified from Steriade et al (1993a). 

in Figs. 5.36-5.37. On the contrary, neurons displaying IB 
firing patterns are found in only 4% of neurons of awake 
animals [86], whereas they represent 15% of neurons 
in anesthetized animals and reach 40% of neurons in iso¬ 
lated cortical slabs. These differences are highly significant 
statistically. The strikingly diminished proportion of IB 
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Figure 5.39. Changes in firing patterns of an intrinsically bursting (IB) cortical neuron from area 7 
during slow-wave sleep (SWS) and REM sleep in chronically implanted cat. Top panels show EEG and 
EMG patterns characterizing the two states, as well as intracellular recording of this neuron together with 
three depolarizing current pulses (indicated by current monitor). Below, responses to depolarizing 
current pulses (the first response is indicated by asterisk in the top panel). Note spike doublets in SWS 
and single spiking in REM sleep. At the bottom, examples of spontaneous firing of this neuron during 
SWS and REM sleep. The interspike interval histograms in each state show a mode at 3-3.5 ms in SWS 
(reflecting bursting activity), absence of this mode in REM sleep, and many more longer intervals 
(20-100 ms) in REM sleep, reflecting single spike firing. Modified from Steriade et al (2001a). 
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firing patterns in the alert condition is likely due to the rel¬ 
atively depolarized membrane potential, enhanced synap¬ 
tic activity, and increased release of some modulatory 
neurotransmitters, all conditions that may transform IB 
into RS firing patterns. Such transformations suggest that 
a high degree of synaptic activity in the intact brain, which 
is lacking in brain slices or in isolated cortical slabs in vivo , 
decisively modulates and may even overwhelm the intrin¬ 
sic neuronal properties expressed by responses to direct 
depolarization. 


5.7. Entorhinal Cortex, Amygdala, and 
Hippocampal Neurons 


The functional properties of entorhinal, amygdala, 
and hippocampal neurons have been intensively explored 
because the entorhinal cortex is a gate between neocorti- 
cal operations and processes elaborated within the hip¬ 
pocampus and related systems; amygdala complex is 
implicated in coloring memory with affectivity; and hip¬ 
pocampus plays a key role in learning and memory, and 
also generates (in conjunction with other structures) an 
oscillation, theta rhythm that characterizes certain types of 
alert behavior in rodents and both brain-activated states of 
wakefulness and REM sleep in other species. 


5.7.1. Entorhinal Cortex Neurons 

Stellate neurons in layer II of the entorhinal cortex 
produce depolarization-dependent rhythmic subthresh¬ 
old oscillations in the theta frequency range, ~8-9 Hz, 
which depends on the activation of / Na<p) [98]. The neu¬ 
ronal population activity that generates theta-like activity is 
due to recurrent axonal collaterals of stellate cells [99] 
and is also modulated by cholinergic innervation from the 
septum [100]. Pyramidal neurons in layer III of entorhinal 
cortex do not display subthreshold oscillations, but fire 
tonically at relatively low frequencies [101]. 


5.7.2. Amygdala Neurons 

The intrinsic properties of amygdala neurons have 
only recently been investigated in vitro. A group of 
GABAergic neurons, called intercaled cell masses (ICMs), 
which is interposed between basolateral and central nuclei 
of the amygdaloid complex, express a voltage-dependent 


[98] Alonso and Klink 
(1993). This in vitro study 
also showed that stellate 
cells in layer II of the 
entorhinal cortex also 
display, upon direct 
depolarization, 

sub threshold oscillations in 
the beta frequency range 
(~22 Hz). The theta 
rhythm generated by layer 
II entorhinal cells was also 
shown in vivo (Mitchell and 
Ranck, 1980; Dickson etal, 
1995). 

[99] Alonso and Llinas 
(1989). 

[100] Alonso and Kohler 
(1984). The cholinergic 
pathway from septum to 
entorhinal cortex is the 
morphological substratum 
of the muscarinic 
depolarization of stellate 
cells, associated with 
oscillations in the theta 
waves (Klink and Alonso, 
1997a-b). 

[ 101 ] Dickson et al. 

(1997). 



[102] Royer et al. (2000b). 


[103] Andersen et al. 
(1980). 


[104] Traub and Llinas 
(1979). 

[105] MacVicar and 
Dudek (1981, 1982); Traub 
and Wong (1981). 


K + current, termed IsD> for slowly de-inactivating; this acti¬ 
vates in the subthreshold regime, inactivates in response to 
suprathreshold depolarizations, and slowly de-in activates 
upon the return to rest [102]. This current provides ICM 
neurons with a state of increased excitability, which makes 
these amygdala neurons to display a higher probability of 
responses to excitatory inputs, with effects on emotional 
reactivity, particularly during fear. 


5.7.3. Hippocampal Neurons 

The neuronal loops and some synaptic operations in 
the circuits between the en to rhinal cortex, dentate gyrus, 
and CA3-CA1 fields are dealt with in Chapter 4. The 
EPSPs produced at the distal dendritic level of CA1 pyram¬ 
idal neurons are quite effective because of the compact 
electrotonic structure of these neurons [103]. It was 
predicted that the fast pre-potentials of CA1 neurons 
arise from Na + -dependent dendritic hot spots and that 
alterations in CAl-cells’ Ca 2+ electroresponsiveness may 
lead to bursting behavior [104]. Electrotonic coupling 
among hippocampal pyramidal cells may facilitate or 
disrupt the synchronous firing induced through chemical 
synapses [105]. 
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Neurotransmitter-Modulated 
Currents of Brainstem Neurons 
and Some of Their Forebrain 
Targets 

This chapter discusses the actions on target neurons of 
projections from chemically identified neurons within the 
brainstem. The actions of brainstem chemical transmitters 
are discussed primarily on the basis of intracellular investi¬ 
gations in vitro , although some intracellular and extra¬ 
cellular in vivo data are included. Needless to say, data 
from in vitro experiments are the most reliable since they 
can be obtained after blockage of synaptic transmission 
and the concentrations of agents can be precisely speci¬ 
fied, in addition to the greater stability of recording condi¬ 
tions. One should, however, also emphasize the necessity 
of reproducing the effects of agent application by stimula¬ 
tion of the appropriate pathway. It is also unlikely that the 
complex conditions of behavioral states, and even the 
mechanisms underlying just one physiological correlate of 
states of vigilance, will be found to be attributable to one 
synaptic transmitter. Many data obtained in extremely 
simplified preparations, such as brain slices and cultures, 
have been challenged by the results obtained in the intact 
[1] Steriade (2001b). brain [1]. Thus, the data presented here should be consid¬ 

ered as a prologue to future studies that will explore the 
effect of neurotransmitters in the context of operations in 
brains with intact connectivity, will investigate transmitter 
interactions, including synergetic or competitive actions 
of colocalized transmitters, and will more deeply probe 
second messenger actions. 

A general discussion of the criteria to be met in 
assigning any substance a role as a n euro transmitter, the 
methods of drug application, the synaptic mechanisms 
of action, presynaptic and postsynaptic receptors, and 
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correspondences or mismatches between transmitters and 
receptor localizations, may be found in previous mono¬ 
graphs and reviews [2]. The synaptic effects exerted upon 
the same central neurons by stimulating the nuclei giving 
rise to chemically coded projections are discussed in some 
sections to allow comparisons between the pure actions of 
the neurotransmitter and those induced by stimulating 
the synaptic pathway. 

Each section concerning a given transmitter is 
organized according to projection targets, save for the 
hippocampus, which has been reviewed elsewhere [3] and 
hence will be compared and contrasted en passant in some 
sections. For many neurotransmitters, a very common 
theme appears to be mediation of agonist-induced effects 
by changes in K + conductances. For many hyperpolarizing 
effects, the K + conductances are inwardly rectifying, that 
is, there is increased conductance at more hyperpolarized 
membrane potential levels. Because of the prevalence 
of ligand-induced alteration of K + currents, we also will 
discuss certain intrinsic K + currents in this chapter, in 
addition to those discussed in Chapter 5. 


6.1. Acetylcholine 

6.1.1. Brainstem 

6.1.1.1. Medial Pontine Reticular Formation 

The importance of brainstem cholinergic systems for 
control of neuronal excitability during the waking-sleep 
cycle has been the subject of recent intense investigation 
and their role in the control of thalamocortical (TC) 
systems during brain-activated states of wakefulness and 
REM sleep as well as in the sleep cycle will be discussed in 
detail in Chapters 8-9 and 11-12. From the standpoint of 
REM sleep, it has been known for several years that in vivo 
microinjections of cholinergic compounds into the 
pontine reticular formation furnish the only phenomeno¬ 
logically adequate pharmacological model of this state. 
Depending on the injection site, these compounds can 
reproduce all of the phenomena of REM sleep [4], even 
extending to the membrane potential alterations found in 
spinal motoneurons [5]. 

In Chapter 3, we have described anatomical results 
that have greatly strengthened the argument that cholin¬ 
ergic compounds may play a role in the natural induction 
and/or maintenance of REM sleep. There are projec¬ 
tions from the cholinergic laterodorsal and pedunculo- 
pontine tegmental (PPT) nuclei to the pontine reticular 


[2] Phillis (1970); Krnjevic 
(1974); North (1986a, b); 
Siggins and Gruol (1986); 
Herkenham (1987); 
McCormick (1992); 
Chapter 8 in Steriade et al 
(1997a). 


[3] Mongeau et al. (1997); 
Vizi and Kiss (1998); 
Malenka and Nicoll (1999). 


[4] Amatruda et al. (1975); 
Baghdoyan etal. (1985, 
1987). 

[5] Morales etal (1987). 



[6] Greene et at (1989a); 
reviewed in Greene and 
McCarley (1990). The 
in vitro preparation and 
methods for mPRF 
recordings were the same 
as described in Chapter 5. 
Drugs were usually bath 
applied except for a few 
experiments in which car- 
bachol was applied by a 
puffer pipette with tip sub¬ 
merged in media but above 
the surface of the slice. All 
neurons maintained robust 
and stable electrophysio- 
logical properties through¬ 
out the wash-in (2-5 min) 
and wash-out (10 min) 
periods. Neurons in the 
giant cell field portion 
of mPRF were exposed to 
carbachol at concentra¬ 
tions of 0.5-1.0 |xM in the 
bath or 1-10 mM in puffer 
electrodes. 


formation, the site of cholinergic REM induction. An addi¬ 
tional essential component of cholinergic hypotheses of 
REM sleep control is the demonstration that cholinergic 
compounds directly excite medial pontine reticular for¬ 
mation (mPRF) neurons, an investigation necessitating 
the synaptic isolation and control of bathing media feasi¬ 
ble only with an in vitro preparation. Further, it is essential 
to demonstrate that the direct cholinergic actions on 
mPRF include those known to occur in natural REM sleep. 

This section outlines data indicating cholinergic 
agonists applied to synaptically isolated mPRF neurons 
produce powerful muscarinic, excitatory effects that paral¬ 
lel the electrophysiological membrane changes seen in 
natural REM sleep. Unless otherwise specified, the data 
in this section are taken from an in vitro study [6]. Sixty 
percent of mPRF neurons responded to carbachol with 
a depolarization of 16 mV associated with a 20% increase 
in input resistance (Fig. 6.1A). Carbachol evoked a hyper¬ 
polarization associated with a decrease in input resistance 
in 20% of the neurons (Fig. 6.3A), and a biphasic response 
of a shorter duration hyperpolarization followed by depo¬ 
larization was present in 15% of neurons. Only 5% of 
neurons did not respond to carbachol. These were direct, 
nonsynaptically mediated effects, as indicated by their 
presence during bath application of tetrodotoxin (TTX), 
which prevents Na + action-potential-dependent synaptic 
activity. The carbachol effects were seen on each of the two 
main types of mPRF neuron, the low-threshold burst 
(LTB) neurons and the nonburst (NB) neurons (see 
Chapter 5) and the percentages of the types of carbachol 
responses did not differ in NB and LTB neurons. 

We first discuss the depolarizing responses. The 
addition of atropine to the perfusate resulted in com¬ 
plete blockade of the carbachol-evoked depolarization 
(Fig. 6.IB), indicating its muscarinic nature. This response, 
studied under voltage clamp control, was associated with 
a reduced outward current (a net inward current) and a 
decrease in membrane conductance (Fig. 6.1C). The 
inward current evoked by carbachol was voltage insensitive, 
having a constant //Vplot slope (Fig. 6.ID). The reversal 
potential was —98 ([K + ] 0 = 3.25 mM), compatible with 
a reduction primarily in K + permeability, although ion 
substitution studies would be required for a proof of 
K + conductance changes. 

The depolarization response evoked by carbachol was 
accompanied by an increase in neuronal excitability, since 
identical amplitude and duration depolarizing current 
pulses (Figs. 6.2A-B) elicited from 1.3- to 4-fold as many 
action potentials during carbachol application as com¬ 
pared with control. To determine if the steady-state reduc¬ 
tion in outward current elicited by carbachol was alone 
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sufficient to account for the increased excitability, carbachol 
application was combined with intracellular injection of a 
hyperpolarizing DC current to return the membrane 
potential to control level. In this condition, excitability was 
not increased (Fig. 6.2C). 

The effects of carbachol on postsynaptic potentials 
(PSPs) elicited by stimulation of the contralateral pontine 
reticular formation were also examined, since it is known 
that reticular (RE) stimulation during REM sleep produces 



C 
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Figure 6.1. Garbachol-evoked depolarization response of mPRF 
neurons in vitro is mediated by a decrease in a voltage insensi¬ 
tive conductance and is blocked by atropine. A, chart record of 
a typical depolarizing response of an mPRF neuron to bath 
application of carbachol (0.5 pM during time indicated). 
Downward deflections are due to intracellular current pulses 
(400 ms, 200 pA) applied to assess input resistance. At arrows, 
membrane potential was returned to the baseline potential of 
-74 mV by DC hyperpolarizing current to avoid voltage sensi¬ 
tive changes of the membrane resistance not specific to carba¬ 
chol. B, atropine (0.5 pM) blocks the depolarizing response to 


D 



- 70mV 
-80mV 

carbachol (same neuron as in A). C, decreased membrane 
conductance during puffer application (arrow, 1 s, 3 psi) of 
carbachol (1 mM) is indicated by the decreased amplitude of 
downward deflections in the upper current record in response 
to 10 mV, 400 ms membrane potential shift commands (lower 
record) in a neuron under voltage clamp control. D, I/V plot 
generated by a constant depolarization of the membrane 
potential (1 mV/200 ms) from -100 mV to -50 mV during 
control conditions and during exposure to 0.5 pM carbachol 
in the perfusate. Note the voltage insensitivity of the carbachol 
current. Modified from Greene et al (1989a). 
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Figure 6.2. Carbachol elicits an increase in medial pontine reticular formation (mPRF) neuronal 
excitability in vitro and in the amplitude of excitatory postsynaptic potentials (PSPs). A, control condi¬ 
tions. Two oscilloscope traces of neuronal membrane potential response (upper) to intracellular depo¬ 
larizing current injection of 400 ms duration and 150 pA (lower). Baseline membrane potential is 
— 65 mV. B, same stimulus conditions and neuron as in A but with puffer application of carbachol 
(10 mM, 0.5 s, 1.5 psi). The membrane potential depolarized 6 mV and the number of spikes increased. 
C, same neuron with same stimulus and carbachol application parameters as in B, but with DC hyper- 
polarizing current injection to return the membrane potential to the control level. Note the number of 
action potentials is the same as in A. D, three superimposed oscilloscope traces from an mPRF neuron 
of a PSP elicited by stimulation of the contralateral mPRF (stimulation artifact is the first biphasic 
positive-negative deflection). Topmost trace is during bath perfusion with carbachol (0.5 jjlM), and 
bottom traces are during the control condition and during bath perfusion with both carbachol 
and atropine (0.5 ^M). Note the 20% increase of PSP amplitude in the presence of carbachol compared 
to control and carbachol/atropine conditions. Modified from Greene et al (1989a). 


[7] McCarley and Ito 
(1984). 

[8] Madison et al (1987). 

[9] McCormick and Prince 
(1987d). 

[10] Spinal cord 
motoneurons also exhibit 
a slow depolarizing 
response to ACh, probably 
due to a reduction in K + 
conductance; the slow 
depolarization is associated 
with an increase or no 
change in input resistance 
and is mediated by 
muscarinic receptors 


enhanced PSPs as contrasted with stimulation in EEG- 
synchronized sleep [7]. Stimulation of the contralateral 
mPRF, with bipolar double barrel glass electrodes filled 
with perfusate, evoked depolarizing PSPs (Fig. 6.2D). 
These evoked PSPs were enhanced in the presence of 
carbachol-elicited depolarization, and this enhancement 
was blocked by atropine. 

With respect to the mechanism of depolarization, it 
should be noted that a similar depolarizing response to 
muscarinic activation has been reported in neurons of the 
hippocampus [8] and the medial and lateral geniculate 
(LG) thalamic nuclei [9], and in both cases this was medi¬ 
ated via reduction of a K + conductance active at all mem¬ 
brane potentials, with an apparent lack of inactivation and 
a reversal potential more negative than —90 mV [10]. 
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The hyperpolarizing response to carbachol was 
blocked by atropine, and was associated with increased out¬ 
ward current and decreased input resistance (Fig. 6.3). 
There was a nonlinear current-voltage relationship (exam¬ 
ined between —100 and —50 mV) of this carbachol-evoked 
current in the presence of 1 pM TTX (Fig. 6.3). Inward rec¬ 
tification was present, that is, slope conductance was 
greater at membrane potential levels negative to the rever¬ 
sal potential, a feature reported to be characteristic of the 


(Zieglgansberger and 
Reiter, 1974). The 
motoneuronal synapse on 
inhibitory Renshaw cell 
involves a rapid and quickly 
reversible nicotinic excita¬ 
tion (Curtis and Eccles, 
1958; Curtis and Ryall, 
1966a) but Renshaw cells 
also possess muscarinic 
receptors acting slowly 
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Figure 6.3. The hyperpolarization elicited by carbachol in medial pontine reticular formation (mPRF) 
neurons in vitro is mediated by an increase in an inwardly rectifying conductance. A-B, records of current 
(upper record) and membrane potential (lower record) obtained in current clamp (A) and voltage 
clamp (B) conditions during puffer application of carbachol at arrow (1.0 mM carbachol, 10 s, 5 psi). 
In A, downward deflections result from current injection (400 ms) and in B from a membrane poten¬ 
tial shift command (400 ms). Following carbachol ejection there is an increase in chord conductance 
observable in A and B. In C, I/V plot from another neuron generated by a constant depolarization of the 
membrane potential from —100 to —50 mV (1 mV/400 ms) before and during exposure to carbachol 
([K + ] 0 = 5.0 mM). D, I/V plot of the current elicited by carbachol constructed by subtraction of the 
control plot from the carbachol plot. Note that the slope conductance of the outward (positive) current 
is less than that of the inward current indicative of inward rectification. Modified from Greene et al. 
(1989a). 



(Curtis and Ryall, 1966b). 
The K + conductance 
observed in mammalian 
neurons and reduced 
by ACh is similar to the 
S-current, modulated by 
neurotransmitters in 
invertebrate neurons 
(Siegelbaum etal , 1982; 
Pollock et al ., 1985; Brezina 
etal , 1987). 

[11] Katz (1949); 

Hagiwara and Takahashi 
(1974). 

[12] Egan and North 
(1986a). 

[13] McCormick and 
Prince (1986b). 

[14] North etal . (1987); see 
also Section 6.2 in this 
chapter. 

[15] Trussell and Jackson 
(1985). 

[16] Yakel et al. (1988). 

[17] Noma and Trautwein 
(1978); Sakmann et al 
(1983). 

[18] Hartzellrtai (1977). 

[19] Breitwieser and Szabo 
(1985); Pfaffinger et al 
(1985); Andrade et al 
(1986); North etal (1987); 
Trussell and Jackson 
(1987). 

[20] Drummond et al 
(1980). 

[21] Gerber et al (1989b). 


[22] See Mash and Potter 
(1986) who also provide a 
review of earlier autoradi¬ 
ographic studies. 


anomalous rectifier current [11]. At membrane potentials 
between —65 and —50 mV, the slope conductance was less 
than 2.5 ns, so that the outward current evoked by carba- 
chol was nearly constant over this range. This was, in 
contrast, a slope conductance of 12 ns over the range of 
-100 to-80 mV. 

As will be discussed later in this chapter, cholinergi- 
cally evoked hyperpolarizations have been observed in 
both the brainstem [12] and the thalamic reticular 
nucleus [13], although voltage sensitivity has not been 
analyzed. Hyperpolarizations resulting from an enhance¬ 
ment of an inwardly rectifying K + conductance have been 
reported in locus coeruleus (LC) and submucosal neurons 
in response to opioid agonists [14], and in cultured striatal 
and hippocampal neurons in response to adenosine [15] 
or serotonin [16]. In cardiac cells, muscarinic cholinergic 
agonists elicit an increase in K + conductance [17], similar 
in its inwardly rectifying voltage sensitivity to the responses 
observed in mPRF neurons, and also in amphibian 
parasympathetic neurons [18]. In vertebrate cells, the 
inwardly rectifying K + conductance was coupled by GTP- 
binding proteins [19], and in invertebrate neurons, cAMP 
has been reported to mediate this transmitter-evoked 
effect [20]. 

Other data [21] have suggested that neither the 
hyperpolarizing or depolarizing responses of mPRF 
neurons to cholinergic agonists have the characteristics of 
Mj receptor mediation since, as shown in Fig. 6.4, the 
pirenzepine sensitivity expected in receptors was not 
present. Further work is required to define whether the 
receptor characteristics are those of an M 2 or another 
muscarinic receptor type. 

The pharmacological in vitro identification of non-Mj 
receptors in the reticular formation is in accord with in 
vitro autoradiographic data that indicated almost exclusive 
presence of M 2 receptors in the brainstem, including those 
in the pedunculopontine and laterodorsal tegmental 
(PPT/LDT) cholinergic nuclei, in the reticular formation, 
in LC and in cranial nerve nuclei [22]. M t receptors 
were largely confined to telencephalic and diencephalic 
structures. 

In summary, two-thirds of mPRF neurons respond to 
carbachol with a strong depolarizing response that is asso¬ 
ciated with an increase in input resistance. There is an 
increase in excitability as measured by increased number 
of spikes to the same depolarizing current and enhance¬ 
ment of PSPs elicited by electrical stimulation of the con¬ 
tralateral pontine reticular formation. Atropine blockade 
of carbachol effects suggests mediation by a muscarinic 
receptor. The remaining one-third of neurons respond 
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Figure 6.4. Non-Mj nature of the muscarinic response of medial pontine reticular formation neurons 
in vitro. A, voltage clamp recording of the current associated with the depolarizing response elicited by 
puffer application of carbachol. Note the inward current increase (downward deflection, equivalent to 
an outward current decrease) in control conditions. Even 1 pM concentrations of pirenzepine did not 
fully block this response. B, outward current increase (upward deflection) associated with the hyper- 
polarizing response; note the failure to block by 400 pM or even 700 pM pirenzepine, although there was 
blockage at 1 pM. Thus, both the depolarizing and hyperpolarizing responses to carbachol were not 
blocked by the 200 pM pirenzepine concentration that would have been expected for an M { receptor, 
given the K^s of carbachol and pirenzepine for the M, receptor (cf. Mash and Potter, 1986). Modified 
from Gerber et al (1989b). 

with either a biphasic hyperpolarization-depolarization 
or hyperpolarization alone, consistent with microion- 
tophoretic studies of ACh effects on spike rates of identi¬ 
fied reticulospinal mPRF neurons [23]. 

The depolarizing effects of carbachol nicely parallel 
the phenomenology of naturally occurring REM sleep in 
medial pontine reticular neurons, that is, a membrane 
depolarization of 7-10 mV and enhancement of excitatory 
PSPs elicited by reticular stimulation [24]. Furthermore, the 


[23] Greene and 
Carpenter (1985). 


[24] Ito and McCarley 
(1984); see Chapter 10. 
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Hobson (1975a). 


[26] Leonard and Llinas 
(1990, 1994). 


[27] Albanese and Butcher 
(1980). 

[28] Mash and Potter 
(1986). 

[29] M.T. Shipley 
(personal communica¬ 
tion). Unpublished data of 
A. Mitani, S. Higo, and 
R.W. McCarley also 
indicate the presence of 
anterograde LC labeling 
from PHA-L or WGA-HRP 
injected in the PPT/LDT 
cholinergic nuclei. 


effects on firing pattern of a carbachol-induced depolar¬ 
ization also parallel those occurring during natural REM 
sleep [25] in that no bursting discharge pattern is present 
in REM sleep, a finding that is also compatible with the 
presence of depolarization-dependent inactivation of the 
low-threshold Ca 2+ spike responsible for the burst dis¬ 
charge pattern. 

Thus, the direct effects of cholinergic muscarinic 
activation of mPRF neurons in vitro are consistent with the 
presence of cholinergic activation of this zone during nat¬ 
urally occurring REM sleep. At the single-cell level, these 
results provide a mechanism for the action of microin- 
jected muscarinic cholinergic agents in pharmacological 
production of a REM-sleep-like state. 

6.1.1.2. Pedunculopontine Tegmental 
Cholinergic Neurons 

The ACh actions on thalamically projecting PPT 
neurons, thought to be cholinergic, have been studied in 
guinea pig slices [26]. Figure 6.5A shows the inhibition of 
spontaneous firing of a PPT cell associated with hyperpo¬ 
larization of the membrane by pressure injection of 
bethanechol from a micropipette positioned above the 
slice. Superfusion with 20 jxM ACh and 20 pM eserine 
produced a rapid and reversible suppression of neuronal 
firing and a marked increase in membrane conductance 
(Fig. 6.5B). This conductance was probably K + -dependent 
since it decreased and was reversed by membrane hyper¬ 
polarization between —85 and —90 mV (Figs. 6.5D-E), 
corresponding closely to the K + equilibrium potential. 
That this action was direct was demonstrated by block¬ 
ing spontaneous synaptic potentials by a 0 mM Ca 2+ and 
2 mM Co 2+ superfusate (Figs. 6.6A-B). The hyperpolariz- 
ing action of bethanechol was unaffected by this blockage 
(Figs. 6.6C-D). The bethanechol-induced hyperpolari¬ 
zation was blocked by the muscarinic antagonist atropine 
(Fig. 6.6F). The muscarinic receptor mediating the hyper¬ 
polarization of PPT neurons is not Mi since high concentra¬ 
tions of pirenzipine are required to block the response [26]. 

6.1.1.3. Locus Coeruleus 

The presence of cholinergic receptors in LC has been 
suggested by both acetylcholinesterase staining [27] and 
in vitro autoradiographic techniques [28], with the latter 
study indicating the presence of M 2 , but not M 1} receptors. 
In addition, choline acetyl transferase (ChAT) immunohis- 
tochemical studies indicate the presence of cholinergic 
fibers in LC [29]. 
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Figure 6.5. Actions of ACh on guinea pig pedunculopontine tegmental cholinergic neurons in vitro. 
A, spontaneous firing is inhibited by pressure ejection of bethanechol from a micropipette positioned 
above the slice. B, superfusion with 20 /jiM ACh and 20 |JiM eserine in normal Ringer produces a steady, 
reversible hyperpolarization accompanied by a 50% decrease in input resistance. C, representative traces 
from each condition in B displayed at higher sweep speed. D, bethanechol hyperpolarization elicited by 
pressure ejection at different membrane potentials. Response is reversed at -95 mV. E, response ampli¬ 
tude plotted against membrane potential for 3 neurons. The extrapolated reversal potential is between 
-85 and -95 mV. Unpublished data by C. Leonard and R. Llinas. 
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Figure 6.6. ACh has a direct, muscarinic action on guinea pig 
pedunculopontine tegmental cholinergic neurons in vitro. 
A, action potential (AP) before and after g Ca blocked by super¬ 
fusion with OmM Ca 2+ and 2 mM Co 2+ . Note the blockade 
of the Ca 2+ -dependent component of the AP. B, same as A at 
a slower sweep speed to show the blockade of the calcium- 
dependent after hyperpolarization. C, hyperpolarization of 
neuron from A and B in normal Ringer produced by pressure 


ejection of bethanechol. D, hyperpolarization on neuron from 
A—C after blockade of Ca 2+ conductances (and synaptic trans¬ 
mission). Note that the action of bethanechol is unaffected by 
Ca 2+ conductance blockade. E, membrane hyperpolarization 
(another neuron) produced by superfusing 10 jxM ACh and 
10 jxM eserine. F, membrane hyperpolarization is completely 
blocked by 10 jxM atropine. Unpublished data by C. Leonard 
and R. Llinas. 


Intracellular recordings in the in vitro rat LC showed 
that superfusion of ACh (in the presence of neostigmine 
to prevent degradation) increased the firing rate of LC 

[30] Egan and North neurons by depolarizing the membrane [30]. This effect 

(I 985 )- was reduced by antagonists of both nicotinic (hexametho- 

nium) and muscarinic (atropine) type. In this intracellular 
study defining muscarinic receptor type in single central 
neurons, the authors found that the muscarinic action was 
relatively pirenzepine insensitive, with a mean dissociation 
constant (K^ of 233 nM, a value typical of M 2 receptors 

[31] Egan and North (Fig. 6.7). Subsequent experiments [31] showed that both 

the nicotinic and muscarinic actions were direct since they 
persisted in the presence of a zero Ca 2+ /high Mg 2+ super- 
fusate or in superfusates containing TTX, that is, solutions 
blocking synaptic potentials. They further demonstrated 
that pressure injections of ACh from microelectrodes 
(puffer electrodes) produced a biphasic depolarization 
in about half of the neurons; there was a hexamethonium- 
sensitive (hence nicotinic) initial, rapid component 
(Fig. 6.8) and a slower component that decayed slowly 
over about 30 s. This late slow component was abolished by 
atropine. Nearly half the neurons showed only a slow 
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Figure 6.7. An M 2 receptor mediates muscarinic depolarization of locus coeruleus (LC) neurons in vitro. 
Left panel shows dose-response curve for acetylcholine in terms of LC action potential frequency 
increase at various concentrations of pirenzepine. The right panel shows a Schild plot of these results. 
The least squares line has a slope of 1.1 and the pirenzepine is 288 nM. Modified from Egan and 
North (1985). 


Control Hexamethonium (400 |jM) Wash 



Figure 6.8. Acetylcholine depolarization of locus coeruleus neurons has a fast and slow component. 
Records are of membrane potential; neurons were held at -75 mV to prevent spontaneous firing. 
Triangles indicate time of application of a few nanoliters of ACh by pressure injection. Note the presence 
of a rapid and slow component of the depolarization, with the rapid component being blocked by 
the nicotinic antagonist hexamethonium (center). The slow component was blocked by muscarinic 
antagonists (not shown). Modified from Egan and North (1986b). 


depolarization, requiring 10-20 s to peak, and decaying 
over 30 s. Fewer than 10% of the neurons showed only the 
fast nicotinic response. Voltage clamp studies indicated 
the presence of an inward current whose time course par¬ 
alleled that of the voltage changes. In all types of nicotinic 
response, there was a striking desensitization to nicotine, 
with a half time of 30 min for recovery. A practical experi¬ 
mental point is that with superfusion or iontophoresis with 
ACh the nicotinic response may be masked by desensitiza¬ 
tion [32]. It was also of interest that alpha-bungarotoxin 
did not block the nicotinic response, suggesting that the 
LC nicotinic receptor was more like that in sympathetic 
ganglia than at the neuromuscular junction. 

A final point with respect to ACh and LC is the pres¬ 
ence of short-latency excitatory postsynaptic potentials 


[32] This was what 
perhaps occurred in 
Svensson and Engberg’s 
study (1980). 
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(EPSPs) elicited by electrical stimulation of the slice 
surface in the LC region (Fig. 6.8). These PSPs were 
graded with stimulus intensity and abolished by Ca 2+ -free 
solutions, and thus likely synaptic, but not blocked by 
nicotinic antagonists hexamethonium or dihydro-beta- 
erythroidine, arguing against a nicotinic origin of this 
EPSP. Section 6.4.2 will indicate that this EPSP is mediated 
by an excitatory amino-acid neurotransmitter. 
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[33] Khateb etal (1997). 
The same authors (Khateb 
etal ., 1998) reported that 
nucleus basalis cholinergic 
cells are depolarized by 
application of GABA in 
basal forebrain slices. 

The depolarization was 
associated with a decrease 
in input resistance and 
diminished firing rate, 
suggesting that the 
GABA-evoked 
depolarization exerts 
predominantly inhibitory 
actions on these neurons. 


6.1.2. Basal Forebrain 

Carbachol produces a hyperpolarization, associated 
with increased membrane conductance, in cholinergic 
nucleus basalis neurons [33]. Muscarine mimics this hyper- 
polarizing effect. Applied in conjunction with A^methyl-D- 
aspartate (NMDA), carbachol promotes bursting firing in 
half of cholinergic cells recorded from the basal forebrain. 
In this condition, however, the duration of spike-bursts is 
markedly increased, compared with that of bursts elicited 
by NMDA alone. This is due to the fact that ACh reduces 
the afterhyperpolarization (AHP) of nucleus basalis cholin¬ 
ergic neurons [33]. 


6.1.3. Thalamus 

The sources of cholinergic pathways acting upon neu¬ 
rons in all thalamic nuclei are in the Ch5 and Ch6 cell- 
groups of the midbrain-pontine reticular formation. For the 
rostral parts of reticular (RE), mediodorsal (MD), and 
anteroventral-anteromedial (AV-AM) nuclei, the brainstem 
cholinergic innervation is supplemented by projections aris¬ 
ing in cholinergic neurons in Ch2, Ch3, and Ch4 cell-groups 
of the basal forebrain (see Chapter 3). The understanding of 
ACh actions on thalamic neurons is of fundamental impor¬ 
tance for the concept of ascending reticular activation. 
While brainstem cholinergic neurons directly excite TC neu¬ 
rons, both brainstem and basal forebrain cholinergic neu¬ 
rons hyperpolarize thalamic reticular GABAergic neurons, 
with consequent disinhibition in TC cells. We discuss the 
effects of ACh on the three major cell classes in thalamus; 
TC, RE, and local-circuit GABAergic neurons. 


6.1.3.1. Thalamocortical Neurons 

Beginning with the mid-1960s, the excitatory post- 
synaptic action of ACh has been demonstrated on dorsal 
thalamic (mainly ventrobasal—VB and lateral geniculate— 
LG) single neurons recorded extracellularly, some of them 
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identified antidromically as TC cells [34], Cholinergic 
facilitation was also selectively observed upon the postsy- 
naptic components of evoked mass field potentials in ven- 
troanterior-ventrolateral (VA-VL), VB, and LG nuclei 
[35]. The excitatory action of ACh was blocked by both 
muscarinic (atropine, scopolamine) and nicotinic (hexa- 
methonium, mecamylamine) antagonists [36]. The ACh 
action is considerably more evident in animals anes¬ 
thetized with gas than under barbiturate anesthesia [37]. 

The ACh-induced excitation of VL and ventromedial 
(VM) thalamic neurons is accompanied by the conversion 
of the burst response to stimulation of cerebellar afferent 
pathways into a single-spike response [38]. This is similar 
to the action of a sustained depolarization (see Chapter 5) 
and much the same as the state-dependent change by pass¬ 
ing from EEG-synchronized sleep to wakefulness (see 
Chapter 9). In fact, ACh-induced excitatory responses of 
muscarinic type are mainly observed when the recorded 
cell is discharging in the single-spike mode associated with 
EEG activation. The dependency of ACh excitatory action 
upon activated brain electrical activity was observed in VM 
neurons of acutely prepared animals [38] and in LG 
neurons recorded in chronic experiments [39]. In the 
latter condition, the ACh-elicited facilitation of LG-cell 
discharges (an action antagonized by scopolamine) was 
only observed in waking and REM sleep. All these results 
are congruent with the established fact that barbiturate 
anesthesia abolishes the excitation by ACh iontophoresis 
[40] and with the direct excitation of TC neurons by stim¬ 
ulating the brainstem-thalamic cholinergic pathways [41]. 

hi vitro studies of medial geniculate (MG) and LG 
thalamic neurons showed the presence of species differ¬ 
ences in ACh effects [42]. (a) In the guinea pig, ACh 
causes a hyperpolarization associated with an increased K + 
conductance, followed by a slow depolarization associated 
with a decreased potassium conductance (Fig. 6.9). Both 
these components persist after blockade of synaptic 
transmission and are mediated by muscarinic receptors, 
(b) In the albino rat, ACh results in the slow depolariza¬ 
tion only, (c) In cat, MG neurons and LG neurons 
recorded from laminae A-Al, some of them formally iden¬ 
tified as TC cells, ACh induces a rapid (nicotinic) depolar¬ 
ization followed by a slow hyperpolarization and a slow 
depolarization caused by activation of muscarinic recep¬ 
tors (Fig. 6.10). The nicotinic excitation of LG cells resem¬ 
bles the ACh action upon peripheral ganglion cells; 
corroboratively, the nicotinic receptors in the LG nucleus 
seem to be of ganglionic type [43], As to the hyperpolar¬ 
ization, it prevails in MG neurons in keeping with previous 
extracellular data in vivo [44]. The slow depolarization 


[34] Andersen and Curtis 
(1964a, b); McCance et al. 
(1968a); Phillis (1971); 
Duggan and Hall (1975). 

[35] Marshall and Murray 
(1980). 

[36] Phillis and Tebecis 
(1967); Satinski (1967); 
Godfraind (1978). 

[37] McCance et al 
(1968b). 


[38] Marshall and 
McLennan (1972); 
MacLeod et al. (1984). 

[39] Marks and Roffwarg 
(1987). 

[40] Eysel et al. (1986). 
Extracellular recordings 
from the visual thalamic 
LG nucleus showed that 
microion tophoretically 
applied ACh increases fir¬ 
ing rates of these neurons 
and that the excitatory 
ACh-induced effect is 
completely blocked by 
barbiturate (Pape and 
Eysel, 1988). 

[41] Hu et al. (1989b). 

[42] McCormick and 
Prince (1987a); 
McCormick (1992). 


[43] Clarke etal. (1985). 

[44] Tebecis (1972). 





Figure 6.9. Effect of muscarinic hyperpolarization and slow depolarization on the response of a 
guinea pig LG thalamic neuron to a depolarizing current pulse. In vitro recordings. Responses to three 
applications of acetyl-methylcholine (MCh) are illustrated when the membrane potential was held with 
DC at levels indicated to the left of each segment. The cell was in the, A, single-spike firing mode, B, the 
burst firing mode, and C, in between. Sample traces are expanded for detail, as indicated. The effect of 
mimicking the MCh-induced change in V m with the intracellular injection of current is indicated by 
DC. This particular neuron was in the burst firing mode when the membrane potential was around 
—80 mV. A more typical membrane potential for this type of activity would be between —70 mV and 
— 75 mV. From McCormick and Prince (1987a). 


occurs with equal frequency in MG and LG nuclei. 
While the fast nicotinic depolarization is associated with 
an increase in membrane conductance, the slow hyper- 
and depolarizing events are associated with conductance 
changes similar to those found in guinea pig (see above). 
The slow depolarization inhibits the occurrence of burst 
discharges and promotes single-spike firing, opposite to 
the action of the hyperpolarization, and very similar to 
the picture seen in transition from sleep to arousal. The 
fast nicotinic excitation by ACh was also found in medial 

[45] McCormick and habenular neurons maintained in vitro [45]. 

Prince (1987b). Intracellular recordings of TC cells in vivo showed that 

stimulation of brainstem-thalamic cholinergic pathways 
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Figure 6.10. Actions of ACh in the cat LG and MG thalamic neurons in vitro. A, application of ACh to an 
LG cell in lamina A (resting potential —64 mV). B, manual voltage clamp of the slow depolarizing 
component (second arrow head) of the response to ACh in the neuron in A. C, application of ACh to 
another LG neuron in lamina A, depolarized with intracellular injection of DC to near firing threshold 
(—60 mV). D, application of the muscarinic agonist acetyl-methylcholine (MCh) to the neuron of 
C. E, application of ACh to an MG neuron. F, application of the nicotinic agonist DMPP to the MG 
neuron of E. In all pairs, the top trace is the injected current and the bottom trace is the membrane 
potential. Current calibration in E-F as in D. From McCormick and Prince (1987a). 


gives rise to a short-latency depolarizing response, associ¬ 
ated with increased membrane conductance and abol¬ 
ished by the nicotinic receptor antagonist mecamylamine 
(Fig. 6.11), and a long-latency depolarizing response, 
associated with increase in the apparent input resistance 
and abolished by the muscarinic receptor antagonist 
scopolamine (Fig. 6.12) [46]. 


6.1.3.2. Thalamic Reticular Neurons 

Extracellular recordings in acute experiments on anes¬ 
thetized animals showed that ACh application depresses 


[46] Curro Dossi et al 
(1991). The latency of the 
nicotinic-media ted depo¬ 
larization induced by stimu¬ 
lation of brainstem 
cholinergic nuclei in vivo is 
approximately 140 ms and 
its duration is approxi¬ 
mately 1.3 s, while the 
latency of the muscarinic- 
mediated depolarization is 
approximately 1.2 s and its 
duration is approximately 
20 ms. The amplitude of 
the late depolarization is 








MECAMYLAMINE 



A 

Figure 6.11. Mecamylamine, a nicotinic antagonist, abolishes anesthesia. LDT stimulation with pulse-train (3 stimuli at 
the short-lasting depolarization elicited in anterior thalamic 300 Hz). Indicated by arrowhead. On the top right of each 
(AT) relay cell by stimulation of laterodorsal tegmental (LDT) trace, the time after the injection is indicated. From Curro 
cholinergic nucleus in cat. In vivo recordings under urethane Dossi et al. (1991). 
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SCOPOLAMINE 



SCOPOLAMINE 



Is 




voltage-dependent, 
increasing under 
depolarizing current. 

[47] Ben-Ari etal. (1976); 
Dingledine and Kelly 
(1977); Godfraind (1978); 
Sillito etal. (1983); Eysel 
etal (1986); Sillito (1987). 


[48] McCormick and 
Prince (1986b). 


the spontaneous and evoked discharges of neurons 
recorded from the peri-VB, peri-pulvinar (PUL) or peri- 
LG (perigeniculate—PG) sectors of the reticular nuclear 
complex [47]. The ACh-evoked inhibition of reticular 
neurons is blocked by atropine. As opposed to the ACh- 
induced excitation of TC neurons, the ACh-inhibition of 
reticular neurons is not abolished by systemic injections of 
barbiturates [40]. This is congruent with the barbiturate- 
sensitivity of brainstem-induced excitation of LG cells, as 
opposed to the persistence, under barbiturates, of the 
brainstem-induced depolarizing-hyperpolarizing sequence 
in PG neurons [41] (see Chapter 9). 

Application of ACh on reticular neurons in vitro 
results in a hyperpolarization and increase in membrane 
conductance, an effect probably mediated by the M 2 sub¬ 
class of muscarinic receptors [48]. Varying extracellular 
K + concentration changes the reversal potential of the 
ACh-induced hyperpolarization, thus indicating that it is 
due to an increased K + conductance. On the other hand, 
intracellular iontophoresis of Cl~ fails to alter the RE-cell 
response to ACh, while dramatically altering the response 
of the same neurons to GABA (Fig. 6.13). 


[49] Livingstone 
and Hubei (1981; 
see Chapter 9) 


6.1.3.3. Local Interneurons 

As yet, there are no available data on formally identi¬ 
fied local-circuit cells in thalamic nuclei in vivo. The ACh 
effects on these elements have been inferred by investigat¬ 
ing the stimulus-specific (or short-range) inhibitions on 
thalamic relay cells in the LG nucleus [47]. These studies 
report that the center-surround antagonism is enhanced 
by ACh application and conclude on an excitatory influ¬ 
ence of ACh upon GABAergic local-circuit cells intrinsic to 
the LG nucleus. The ACh action seems to be similar to the 
enhanced discrimination in LG relay neurons upon awak¬ 
ening from sleep [49]. However, these data are far from 
definitive because the short-axoned cells should be identi¬ 
fied by intracellular staining and their inhibitory nature 
has to be demonstrated by immunohistochemistry. 


Figure 6.12. Scopolamine, a muscarinic antagonist, abolishes the long-lasting depolarization elicited in 
anterior thalamic (AT) relay cell by stimulation of laterodorsal tegmental (LDT) cholinergic nucleus. 
In vivo recording under urethane anesthesia. LDT stimulation with a pulse-train (30 stimuli at 300 Hz). 
Control trace at rest (top left) and under hyperpolarizing current (top right). After intravenous adminis¬ 
tration of scopolamine (0.5 mg/kg), the cell hyperpolarized by 11 mV, and only an early depolarizing 
component was detected as response to LDT stimulation (middle left). This early depolarization was 
subsequently abolished by mecamylamine (not depicted; see Fig. 6.11). The disappearance of the long- 
lasting depolarization persisted after compensation of the membrane potential by injection of depolariz¬ 
ing current (middle right). After scopolamine, the cortical EEC showed slow-waves with increased 
amplitudes as well as occurrence of sequences of spindle waves. From Curro Dossi etal. (1991). 
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Figure 6.13. Intracellular injection of KC1 dramatically alters the response of a guinea pig thalamic 
reticular neuron to GABA but not to ACh. In vitro recordings. A, the fast excitatory depolarizing response 
of this neuron to GABA after intracellular iontophoresis of Cl“. B, application of ACh to the same 
neuron as in A results in the typical hyperpolarizing response to ACh, which was subsequently found to 
reverse at —90 mV. From McCormick and Prince (1987c). 


Presumed local-circuit neurons in cat LG slices have 
been recognized by their short-lasting action potential, 
lack of a low-threshold calcium spike (LTS; see Chapter 5), 
and intracellular staining showing a somadendritic mor¬ 
phology resembling that of putative local interneurons or 
type 3 LG cells [50], as defined in Golgi studies [51]. ACh 
was found to hyperpolarize those presumed GABAergic 
local-circuit cells through an increase in membrane K + 
conductance, an action mediated by the M 2 class subclass 
of muscarinic receptors. The locally ramifying axon and 
the GABAergic nature of those presumed local inhibitory 
interneurons remain to be demonstrated. The inhibitory 
action of ACh is difficult to understand in the light of ion- 
tophoretic studies demonstrating ACh-induced enhance¬ 
ment of stimulus-specific inhibitory responses of LG relay 
cells [47] and the fact that a long series of experimental 
data demonstrated the ACh-induced inhibition of the 
other class of thalamic inhibitory neurons, the reticular 
cells. Thus, both types of progenitors of inhibitory 
processes in the thalamus seem to be inhibited by ACh, in 
spite of the same transmitter enhancing inhibitory 
processes in TC neurons. Probably, however, the ACh-inhi- 
bition of somatic activity of local interneurons (what can 
easily be seen by an intracellular impalement) is not 
accompanied by an inhibition of intraglomerular dendro- 
dendritic synapses between local-circuit and relay cells, the 
contacts that are presumably involved in shunting 
inhibitory processes related to discriminatory functions. 
Indeed, stimulation of brainstem cholinergic nuclei in vivo 


[50] McCormick and 
Pape (1988). However, 
more recent studies 
demonstrated that robust 
burst firing occurs in local- 
circuit GABAergic cells 
when a depolarizing step is 
imposed at a slightly hyper- 
polarized membrane 
potential (Zhu etal , 

1999a, b; see Chapter 5, 
Section 5.5.2). 

[51] Guillery (1966). 




[52] Curro Dossi et al. 
(1992b). 


[53] Krnjevic and Phillis 
(1963a, b); Crawford and 
Curtis (1966). 

[54] Lamour et al (1982, 
1983). 


[55] See also McLennan 
and Hicks (1978) for 
nicotinic excitation of 
cortical cells. 

[56] Sillito and Kemp 
(1983); Donoghue and 
Carroll (1987). 

[57] Krnjevic et al. (1971). 


[58] McCormick and 
Prince (1985, 1986a); 
reviewed in McCormick 
(1990,1992). 


leads to suppression of prolonged hyperpolarizations in 
TC cells (due to the biphasic sequence of GABA a _ b IPSPs), 
but preservation or even enhancement of the earliest 
IPSPs, termed GABA d IPSP and attributed to the activity of 
intraglomerular presynaptic dendrites of local interneu¬ 
rons [52] (see Chapter 9). 
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6.1.4. Neocortex 

It was initially reported that ACh exerts excitatory 
actions on neurons of the sensorimotor cortex, that the 
effects are most clearly seen in cells located relatively deep 
(below layers II—III), and that they are unambiguously 
muscarinic in nature [53]. The deep cortical location of 
ACh-excited neurons was confirmed by antidromic identi¬ 
fication of pyramidal tract and corticothalamic neurons in 
layers Vb and VI of rat somatosensory cortex [54]. While 
more than 50% of corticothalamic or pyramidal tract neu¬ 
rons are cholinoceptive, only 16% of callosally-projecting 
cells are sensitive to ACh [54]. The latter investigations 
on rat showed that the ACh effects on long-axoned cor¬ 
tical cells are most frequently mediated by muscarinic 
receptors; however, partial suppression of ACh effects by 
mecamylamine, a nicotinic antagonist, was also observed 
[55]. Subsequent studies have identified the ACh-induced 
excitatory effects on neurons recorded from both superfi¬ 
cial (layer II—III) and deep layers in the visual, cingulate, 
and somatosensory cortices [56]. 

The ACh-induced muscarinic excitation of cortical neu¬ 
rons is slow in onset and may outlast the ACh application by 
tens of seconds [57]. The ACh-induced depolarization is due 
to a reduction in K + conductance and is associated with a 
rise in membrane resistance (Fig. 6.14). As is the case of TC 
neurons (see Section 6.1.3.1), the ACh excitatory effect is 
particularly susceptible to depression by barbiturates. 

In vitro studies [58] on cingulate, sensorimotor, and 
visual neurons of guinea pig revealed that before the mus¬ 
carinic excitation of pyramidal-shaped neurons, those ele¬ 
ments display a short-latency inhibition associated with 
a decrease in input resistance. The initial inhibition of 
pyramidal cells appears to be mediated by a rapid mus¬ 
carinic excitation of local GABAergic interneurons, since it 
has a reversal potential similar to the hyperpolarizing 
response produced by GABA; and ACh application on ele¬ 
ments identified by intracellular staining as aspiny or 
sparsely spiny interneurons results in a short-latency excita¬ 
tion associated with a large decrease in input resistance, an 
excitatory response whose duration is similar to the ACh- 
induced initial inhibition in pyramidal neurons (Fig. 6.15). 




Ml (m.r,) 


Figure 6.14. Facilitatory action of ACh in cat cerebral cortex. In vivo recordings. A, intracellular recording 
from neuron in motor cortical area shows delayed depolarizing effect and prolonged firing evoked by 
iontophoretic application of ACh (140 nA). B, brief and instantly reversible depolarization and strong 
firing of the same neuron caused by short intracellular current injection (monitored on lower trace). 
C, same neuron depressed after treatment with dinitrophenol no longer fired in response to application 
of ACh (as in A). However, during continued ACh application, identical intracellular current injection 
(see B) now induced particularly powerful and prolonged discharges. The ACh thus greatly facilitates 
and prolongs any depolarizing input received by the same cell. D-E, magnitude and time course 
of changes in potential and resistance induced by ACh. Open circles: resting potential; note slow and 
prolonged depolarizing effect. Open triangles: resting resistance; note marked increase in resistance 
synchronous with depolarization. Closed symbols: corresponding data recorded during IPSPs; they 
show relatively little change, except some possible reduction of inhibitory effect. Modified from Krnjevic 
etal (1971). 

The ACh-excitation on cortical interneurons is 
partially congruent with extracellular data on visual cortex 
neurons [56]. In addition to its facilitatory effect, ACh 
strikingly increases the stimulus-specificity of the response 
without any loss in the selectivity. This suggested that 
inhibitory interneurons outside the III-IV layers are facili¬ 
tated by ACh. It was postulated that another class of corti¬ 
cal interneurons, located in layers III-IV, might be 
inhibited by ACh, with disinhibitory consequences on 
pyramidal cells. 

As to the slow muscarinic excitation of pyramidal neu¬ 
rons, it is mainly due to a decrease in a voltage-dependent [ 59 ] Brown and Adams 
K + current, M-current [59], and is associated with a rise in (1980). 
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Figure 6.15. Effects of ACh on physiologically identified pyramidal cells and interneurons in guinea pig 
cerebral cortex. In vitro recordings. A, application of ACh to a typical pyramidal cell at resting membrane 
potential ( — 75 mV) initially caused a decrease in the response to the current pulse (i) followed by 
a selective potentiation of the depolarizing responses without affecting resting membrane potential or 
the response to the hyperpolarizing pulses (e). The potentiated depolarizing pulses reached firing 
threshold and evoked action potentials (APs) (downward arrowheads). B, application of ACh to the 
neuron from A after depolarization to near firing threshold ( — 59 mV) caused inhibition at a short 
latency (i) and was followed by a slow depolarization and AP generation (e). C, application of ACh to 
an interneuron at resting membrane potential ( — 71 mV) caused robust excitation at short latency. 
D, application of ACh to the interneuron from C after hyperpolarization to —110 mV evoked a large 
depolarization with short onset latency. The top trace in each set is the current monitor. The intracellu¬ 
lar current pulses were 120 ms in duration and were applied at 1 Hz. AP amplitudes are truncated. Time 
calibration is 0.5 s for C and 5 s for other parts. From McCormick and Prince (1985). 


[60] Cf. Bradshaw et al 
(1987). 


[61] Stone et al. (1975); 
Stone and Taylor (1977); 
Woody et al (1978, 1986); 
but see Krnjevic et al 
(1976) and Benardo and 
Prince (1982b). 


input resistance [58] in keeping with the earlier in vivo 
studies [57], The ACh-induced slow depolarization of 
cortical pyramidal neurons is very effectively blocked by 
pirenzipine, a muscarinic antagonist with a selectivity for 
receptors [60]. It was hypothesized that cyclic guano- 
sine 3',5'-monophosphate (cGMP) may play a second mes¬ 
senger role in the muscarinic actions of ACh on pyramidal 
tract and some unidentified neurons in rat and cat cere¬ 
bral cortex [61]. 

The ACh-induced dramatic facilitation and prolonga¬ 
tion of any depolarizing input received by the same corti¬ 
cal cell [57] (see Fig. 6.14) underlies the potentiating 
effects produced by the modulatory agent ACh released by 
basal forebrain neurons upon phasic specific inputs of 
thalamic origin received by cortical neurons. This ACh 
action may be one of the bases of long-term enhancement 
in cortical responsiveness, such as that involved in the 
acquisition of responses during some forms of learning 
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and memory. Studies on cat visual cortex neurons show 
that while ACh produces an increase of background firing 
in only 20% of tested cells, it alters the responses to visual 
stimuli in more than 90% of neurons [56]. ACh permits 
long-term (from several minutes to over 1 hr) enhance¬ 
ment of somatosensory cortical responses to tactile stimu¬ 
lation of the receptive field or to glutamate application 
[62]. The somatosensory cortical cholinoceptive cells are 
more likely than noncholinoceptive cells to be driven by 
ventroposterolateral (VPL) thalamic stimulation, and ACh 
selectively alters certain properties of the neuron rather 
than acting as a general excitant [63]. For example, while 
glutamate application results in an uniform decrease of 
the threshold for activation throughout the receptive field, 
the ACh effect is more selective and decreases the thresh¬ 
old of activation in only a limited part of the receptive 
field. Often, the ACh-induced alterations in cellular 
excitability last for prolonged periods of time. When 
somatic stimuli are used, about a third of the ACh-induced 
increases in excitability last more than 5 min [64]. 

The enhancement in cortical cell excitability is state- 
dependent, as the ACh release from the cerebral cortex is 
dependent on activated behavioral states [65]. Indeed, the 
same cortical somatosensory neuron, which is unrespon¬ 
sive to passive touch of the digits, displays clear receptive 
fields on the digit when the monkey grasps food [66]. 
This state-dependency of neuronal responsiveness may be 
related to similar motivational changes in basal forebrain 
neurons [67] that provide the bulk of cholinergic innerva¬ 
tion of the cortex. 


6.L5. Hippocampus 

In many respects, the ACh effects on hippocampal 
neurons are similar to those observed in neocortical cells. 
Most in vitro studies have investigated pyramidal cells in 
the GA1 field of guinea pig and rat [68]. ACh depolarizes 
GA1 pyramidal neurons with an associated increase in 
input resistance, blocks a Ca 2+ -activated K + conductance, 
and blocks accommodation of action potential discharges. 
These actions are mimicked by stimulation of sites in the 
slice known to contain cholinergic fibers and are reversed 
by the muscarinic antagonist atropine (Fig. 6.16). A volt¬ 
age-clamp analysis showed that cholinergic agents (carba- 
chol, muscarine, bethanecol) turn off the M-conductance 
in CA1 pyramidal cells [69]. The overt effect of the ACh- 
induced reduction of M-current is a tendency to discharge 
repetitively in response to other depolarizing inputs, with¬ 
out necessarily causing significant cell depolarization. 


[62] Metherate et al 
(1987). 


[63] Metherate et al 
(1988a). 


[64] Metherate et al 
(1988b). 


[65] Celesia and Jasper 
(1966); Collier and 
Mitchell (1967). 

[66] Iwamura et al (1985). 


[67] Rolls et al. (1986). 


[68] Dodd et al (1981); 
Benardo and Prince 
(1982); Cole and Nicoll 
(1983). 

[69] Halliwell and Adams 
(1982). The voltage- 
dependent K + current 
termed M-current under¬ 
goes a reciprocal regula¬ 
tion by ACh and the 
somatostatin-derived pep¬ 
tides. The former reduces 
this current, but somato¬ 
statin augments it, as shown 
by voltage-clamp studies on 
GA1 pyramidal cells in the 
slice preparation of rat 
hippocampus (Moore et al, 
1988). A similarly increased 
M-current by somatostatin 
was observed in the solitary 
tract nuclear complex 
(Siggins et al, 1987). 
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Figure 6.16. Effects of ACh on rat CA1 pyramidal neurons in 
hippocampal slice preparation. All responses from the same 
neuron. A, chart record of control afterhyperpolarizing poten¬ 
tial (AHP) after a 60-ms direct depolarizing current pulse 
(trace 1) and film record of response to a 600-ms pulse (trace 2). 
The current record is positioned below the voltage record. B, 
ACh (200 jxM) superfusion depolarized the membrane and 
increased the cell’s input resistance. C, blockade of the AHP 
(trace 1) and accomodation (trace 2) in the presence of ACh. 
D, the addition of atropine (0.5 pM) in the presence of ACh 
reversed the effects of ACh. E, atropine also reversed the 


effects of ACh on the AHP (trace 1) and on accomodation 
(traces 2 and 3). The current pulse in trace 3 was identical to 
those in trace 2 in A and C. In trace 2 the current pulse was 
increased to match the depolarization evoked in the presence 
of ACh (trace 2 in C). The gain in trace 1 in A applies to all of 
the chart records. The time calibration for trace 1 in A also 
applies to trace 1 in C and E, and the time calibration in D is 
the same as that in B. The calibration for trace 2 in A applies to 
all the film records. Resting membrane potential: —57 mV. 
From Cole and Nicoll (1983). 


[70] Krnjevic and Ropert 
(1981). 


[71] Krnjevic et al (1988). 


[72] Ben-Ari etal. (1981). 


[73] Haas (1982). 

[74] Benardo and Prince 
(1981,1982a, b). 


Such effects have been indeed elicited in vivo by septal 
stimulation upon GA1 and CA3 hippocampal neurons [70]. 

In addition to direct excitatory effects on pyramidal 
hippocampal cells, ACh reduces the inhibitory input that 
normally prevents or limits pyramidal cell discharges [71]. 
Intracellular recordings from CA1 and CA3 neurons indi¬ 
cate that ACh reduces by about 60% the conductance 
increase associated with IPSPs evoked by entorhinal or 
fimbrial stimulation [72]. The ACh-elicited reduction in 
the size of IPSPs suggested either an ACh-induced inhibi¬ 
tion of GABAergic interneurons or a depression of trans¬ 
mitter release from inhibitory terminals. These data from 
in vivo experiments are congruent with data obtained 
in vitro [73]. However, an ACh-induced initial short-lasting 
hyperpolarization of pyramidal cells, with a conductance 
increase, has also been observed [74], thus suggesting that 
direct ACh-excitation of some inhibitory interneurons 
may also be postulated. 
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Norepinephrine (NE) is recognized as one of the most 
important neurotransmitters and neuromodulators arising 
from the brainstem. The anatomical distribution of affer- 
ents and efferents of NE-containing neurons has been 
described in Chapter 4. NE is of great importance to behav¬ 
ior, as an important role for NE has been postulated in 
almost every behavioral system, including sleep-waking, 
feeding, thermoregulation, sensory processing, motor activ¬ 
ity, and growth and development [75]. 

The early literature on in vivo microiontophoresis and 
systemic injections of NE agonists and antagonists is truly 
vast. Unfortunately, the absence of control over concentra¬ 
tions, the lack of synaptic isolation, and the inability to 
manipulate the recorded neuron by injections of current 
and by voltage clamping, renders data from this literature 
less than definitive with respect to receptor type and action. 
We, thus, will rely on in vitro data when available and cite 
in vivo work only where other data are not available or are 
incomplete. We note also that we will not attempt to cover in 
any systematic way the large recent literature on second 
messenger mediation of NE effects. 

Electrophysiological responses to NE have been 
observed following activation of receptors classified as £, 
oi], a 2 , and also unclassified a receptors in central nervous 
system (CNS) vertebrate neurons. (We here describe an 
a receptor as unclassified with respect to subtype when the 
agonist/antagonist response pattern does not follow that 
of peripheral receptors; it is an obvious but important 
point that CNS receptors may not exactly parallel periph¬ 
eral receptors in structure and sensitivity, and thus the 
peripheral classification may incompletely describe CNS 
receptors.) NE responses in various CNS neurons have 
been reported to be mediated by alterations in at least 
five different types of Ca 2+ and K + conductances (see 
summary in Table 6.1 below). We begin our review with 
a brief summary of data from brainstem. 


6.2.1. Brainstem 

6.2.1.1. Locus Coeruleus 

One major effect of NE on LC neurons is an 
a 2 -mediated membrane hyperpolarization accompanied 
by a decrease in membrane resistance similar to the 
a response observed in the hippocampus. All LC neurons 
tested showed a hyperpolarization to puffer electrode or 


[75] Reviewed in Foote 
etal (1983). 



bath application of NE; no depolarizations were observed 

[76] Egan etal (1983). [76]. The hyperpolarization was attributed to an increase 

in K + conductance, and will be discussed below in detail. 

Of great interest in terms of synaptic effects between 
LC neurons was the response to focal electrical stimulation 
of the slice in the region of the LC [76]. As shown 
in Fig. 6.17, there was an initial short-duration depolariza¬ 
tion followed by a long-lasting hyperpolarization. It was 
inferred that the depolarization and hyperpolarization 
were synaptically mediated since they were reversibly 
blocked in zero Ca 2+ /high Mg 2+ superfusates. Both the 
stimulation- and NE-induced hyperpolarizations showed 
the same characteristics, namely a reversal potential of 
about 110 mV (left panel, Fig. 6.17), antagonism by bath 
application of the same concentrations of the a 2 antago¬ 
nists yohimbine (right panel, Fig. 6.17) and phento- 
lamine, and potentiation by the NE reuptake blocker 
desmethylimipramine (DMI). The authors [76] concluded 
that their data supported the hypothesis that LC neurons 
can release NE onto the somadendritic membrane of other 
LC neurons and thereby provide local feedback inhibition. 
These in vitro data support the earlier conclusions from 

[77] Aghajanian etal j n v { v0 data [ 77 ] on the presence of a 2 -mediated LC-LC 

^ 1977 ^’ feedback inhibition. 
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Table 6.1. Adrenergic Receptor Type" 



p 

a (unclassified) 

at 

a 2 

Location 

CA1 (pj), graunle 

Locus coeruleus, 

1. Dorsal raphe 

CA1 (presumptive), 


cell, in hippocampus; 
Sensorimotor 
neocortex (p^ 

PNS, cerebellum 

2. LC, mPRF 
neurons, dorsal 
mtr. vagus, 
supraoptic nuc. 

locus coeruleus, 
mPRF neurons, 
dorsal mtr. 
vagus, Sub. 
gelatinosa, 
sympathetic 
pregang, neurons 

Effects on: 

Membrane 

i AHP (slow), si 

si Ca 2+ -dependent 

1. si Early transient 

Hyperpolarization, 

potential 

accommodation 

action pots. (LC) 

outward rect. 

2. Depolarize, T 
resistance 

>1 resistance 

Current 

si Ca 2+ -dependent 

si Low- and 

i.i i A 

T Anomalous 


K + current 

high-threshold 

Ca 2+ current 

1. si K + current 

rectification 
(K + current) 

Typical agents 

Agonist 

Isoproterenol 


Phenylephrine 

Clonidine 

Antagonist 

Propranolol 


Prazosin 

Yohimbine 


°PNS, peripheral nervous system; mPRF, medical pontine reticular formation; AHP, afterhyperpolarization; rect., rectification. References for 
antagonists are: yohimbine (Williams etal ., 1985; Crepel etal, 1987), prazosin (Aghajanian, 1985; Crepel etal, 1987), propranolol (Madison and 
Nicoll, 1986a,b). Other references in text, except: sensorimotor cortex (Foehring etal, 1989, who also reporta Pj reduction in a Na + -dependent 
K + current); dorsal motor vagus (Fukuda et al, 1987); supraoptic nuc. (Yamashita el al, 1987); and sympathetic preganglionic neurons (Yoshimura 
et al, 1987). Note the presence of two types of effects; the a* excitatory effects are developmental^ transient in the LC. 
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Figure 6.17. Reversal potential and yohimbine antagonism of IPSPs in locus coeruleus (LC) neurons 
elicited by focal electrical stimulation within the LC zone in the rat LC slice preparation. A, top trace is 
control condition, showing the stimulation-induced short-duration excitatory postsynaptic potential 
(EPSP) and long-duration IPSP. At —105 mV membrane potential, the IPSP is nulled and is reversed at 
— 127 mV. The reduction in duration of both the EPSP and IPSP at —105 and —127 mV is likely due to 
membrane rectification at these hyper polarized potentials. B, top trace is control condition, subsequent 
traces show progressive reduction of the IPSP but not EPSP by progressively greater superfusate concen¬ 
trations of the a 2 antagonist, yohimbine at (2) 10 nM, (3) 30 nM, and (4) 100 nM. Modified from Egan 
etal. (1983). 





Subsequent work has more precisely characterized the 
[78] Williams etal. (1985). receptor type and NE effects [78]. NE was found to pro¬ 
duce only hyperpolarizations (no depolarizations) in all LC 
neurons examined. That the mediating receptor was a 2 was 
supported by reproduction of the effect by the a 2 agonist 
clonidine, but not by the oq agonist phenylephrine or 
P agonist isoproterenol, which at 10 pM had no effects, 
although higher concentrations (30-100 p-M) produced 
a slight hyperpolarization. The concentration response 
curves for clonidine and NE were shifted rightward in a 
parallel manner by the a 2 antagonists RX 781094, yohim¬ 
bine, phentolamine, and piperoxan. Fig. 6.18 illustrates the 
concentration-dependent hyperpolarization of NE and 
the competitive antagonism of phentolamine. 
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Figure 6.18. Competitive antagonism of norepinephrine (NE) by phentolamine on a single in vitro locus 
coeruleus neuron. A, left panel shows the concentration dependent hyperpolarization produced by 
superfusion of NE (1 jxM desmethylimipramine added to block NE uptake), and the right panel 
shows the antagonistic effect of addition of the indicated concentrations of phentolamine. B, concentra¬ 
tion response curves for NE in the presence of 0, 100, and 300 |xM concentrations of phentolamine. The 
broken line indicates the effect level selected for the Schild Plot, shown in C. The slope is not signifi¬ 
cantly different from 1.0 and the intercept gives a phentolamine of 19 jxM. Modified from Williams 
etal. (1985). 
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Voltage clamp recordings have clarified the nature 
of K + conductances in LC neurons [79]. At membrane 
potentials more negative than about — 60 mV, the steady- 
state slope conductance increased with successive hyper- 
polarizations, that is, inward rectification was present, 
confirming some inferences [80]. The I/V relationship of 
the LC neurons in this voltage range was modeled with 
excellent fit as the result of a voltage independent K + con¬ 
ductance and a voltage sensitive conductance in series. 
Experimentally, the voltage sensitive conductance had the 
characteristics of the “classical” inward rectifier [11] in 
terms of rapid kinetics of activation. This inward rectifier 
conductance, G ir , was well-described by a sigmoid curve 
with half maximal conductance centered at about E k and, 
as is true for G ir in a number of tissues [81], had a slope 
dependent on external K + concentration. Thus, increas¬ 
ing external K + concentrations shifted the curve to less 
negative potentials and steepened its slope. 

Two classes of agonists (a 2 adrenoceptor and p opioid) 
increased K + conductance in LC neurons and occlusion 
experiments suggested they acted on the same K + conduc¬ 
tance [82]. Furthermore, the |x and a 2 agonist-induced 
shifts in the I/V curve were identical [79]. Both p and a 2 
agonists produced a voltage sensitive, inwardly rectifying 
K + conductance; the steady-state //Lvalues for an agonist 
(p and a 2 agonists gave similar results) are compared with 
control values in Fig. 6.19A. The agonist K + conductance 
could not be accounted for by a simple increase in the 
voltage-insensitive K + conductance, G ir , or its maximum 
value. Rather, an additional agonist-induced K + conduc¬ 
tance, G Hg , with different voltage sensitivity was present. 
While G ag could be mathematically described by a sigmoid 
function of the same form as G ir , G lg differed in having a 
half maximal value that was approximately —50 mV vs the 
more negative value (E k ) for G ir . Further-more, altering 
external K + concentration did not appreciably shift the 
half maximal value for G ag although the slope increased 
with increasing external K + concentration. In summary, 
the p and a 2 agonist-induced conductance shows inward 
rectification centered around the resting potential instead 
of being centered around £ k , as is true for the classical 
“inward rectifier.” 

The G ag was similar to the G ir in terms of activation 
kinetics and sensitivities to blocking agents, leading to the 
speculation [79] that the same channels were involved but 
that when they bind G-protein, thought to be activated by 
p and a 2 agonists [82], the half maximal activation point 
was shifted from close to E k to close to the resting potential 
(—55 mV). The functional implication of the agonist con¬ 
ductance curve is that the conductance increase by the 


[79] Williams et al (1988a). 

[80] Osmanovic and 
Shefner (1987). 


[81] Noble (1985). 


[82] North and Williams 
(1985); North etal (1987). 
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Figure 6.19. A, control and agonist steady-state I/V plots for an locus coeruleus (LC) neuron recorded 
in vitro. The agonist generating this plot was [Met]enkephalin (10 pM) in superfusate, but the shape is 
also characteristic of the I/V plots generated by alpha-2 agonists (Williams et ai, 1988). Note the voltage 
sensitivity (inward rectification) of both the control and agonist plots at values more negative than 
—60 mV. B, amplification of hyperpolarizing agonist responses by voltage-sensitive LC membrane con¬ 
ductances. The ordinate shows the hyperpolarization caused by a given increase in K + conductance 
caused by an agonist (abscissa) under three models. Curve a assumes a linear membrane response: 
G total = voltage independent conductance (leak, G]) + G agiConstant . Curve b assumes an inward rectifier 
membrane, whose voltage sensitivity is indicated by G ir (V): G total = Gj + Gj r (V) + G agjC <m S iaiu* Curve c 
assumes both an inward rectifier membrane and a rectifying agonist conductance, G ag (V): 
G t ota] = G] + G ir (V) + G ag (V). Note that for a 1 nS agonist conductance increase the linear, voltage- 
insensitive model (curve a) predicts only a 5 mV hyperpolarization while the correct voltage-sensitive 
model (curve c) indicates a 12 mV hyperpolarization will occur. For these computations: resting conduc¬ 
tance at —60 mV = 4.2 nS; G ir (V) — maximumG ir / {l+exp[( Vmembrane—£ k )/fc], where E k ~ —116 mV, 
k = 15; G ag (V) = maximum G ag / {l+exp[( Vmembrane-V*)/&], where V* : half max G ag = — 50 mV. C, 
equivalent circuit for modeling K + conductances in part B for LC neuron. G ag , G ir , G h as in B. G in = non¬ 
specific conductance for all other ions; it and E m were calculated so that there was zero membrane 
current at —60 mV. Modified from Williams et al. (1988) 
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agonists is high at the resting potential, and its voltage 
sensitivity means it continues to increase with further 
hyperpolarization, and this effect is further amplified by 
the presence of the G ir . Figure 6.19B graphs the difference 
in conductance changes brought about by the agonist and 
inward rectifier voltage-sensitivity compared with a purely 
linear membrane response, and Fig. 6.19C shows the 
membrane equivalent circuit for these K + currents. Other 
a-mediated hyperpolarizations have been reported in the 
spinal cord [83] and the cerebellum [84]. 

The second class of LC response to NE was an inhibi¬ 
tion of the Ca 2+ action potential [85] mediated by an a 
receptor of unknown subtype. Neither the oq antagonist 
prazosin nor the a 2 antagonist yohimbine were effective in 
antagonizing this response. Although an increase in K + 
conductance could not be ruled out as the mechanism for 
inhibition of the Ca 2+ action potential, a direct effect on 
Ca 2+ currents was thought to be more probable. 

In the vertebrate peripheral nervous system, high- 
threshold Ca 2+ currents responsible for high-threshold 
Ca 2+ action potentials have been shown to be antagonized 
by NE [86]. A low-threshold Ca 2+ current was reported to 
be antagonized by a receptor activation in Purkinje neu¬ 
rons of the cerebellum [87]. This antagonism was blocked 
by the a r receptor antagonist prazosin but not by the 
a 2 -receptor antagonist yohimbine. A similar NE effect has 
also been observed in cultured chick dorsal root ganglia 
neurons and sympathetic neurons recorded with patch 
clamp techniques [88]. 

The a-receptor activation in Purkinje neurons also 
resulted in a hyperpolarization, an effect similar to that 
observed in LC neurons. In marked contrast to the LC, 
however, the NE-elicited hyperpolarization in Purkinje 
neuron was accompanied by an increase in resistance, 
which was antagonized by the a preceptor antagonist, 
prazosin. The mechanism of action for this hyperpolariza¬ 
tion and conductance decrease remains to be examined, 
especially with respect to its sensitivity to Ca 2+ channel 
blockers and alterations in external K + ion concentra¬ 
tions. Furthermore, receptor type mediating both this 
response and the reduction of low-threshold Ca 2+ current 
is not clear since the a 2 agonist clonidine elicited them 
and the (^-antagonist blocked them. 

In the young rat (8-26 days) slice preparation, a depo¬ 
larizing response was observed to phenylephrine that was 
antagonized by prazosin, consistent with an a r mediation 
[89]. This response was not present in slices from older 
animals, where phenylephrine either had no effect or 
hyperpolarized neurons. This developmentally transient 
response was consistent with that observed earlier in LC 


[83] North and Yoshimura 
(1984); Wohlberg et at 
(1986). 

[84] Bloom (1978). 

[85] Williams and North 
(1985). 


[86] Dunlap and 
Fischbach (1981); Galvan 
and Adams (1982); 
Forscher and Oxford 
(1985); Marchetti et at 
(1986). 

[87] Crepel etal (1987). 

[88] Marchetti et at 
(1986). 


[89] Williams and 
Marshall (1987). 



[90] Finlayson and 
Marshall (1986). 


[91] Jones etal (1985b). 
This paper did not provide 
data on changes in brain¬ 
stem receptors. 

[92] Jones etal. (1985a). 


[93] Young and Kuhar 
(1980). 


[94] Aghajanian (1985). 

[95] Burlhis and 
Aghajanian (1987). 


[96] Greene and 
Carpenter (1985). 


[97] Greene et al (1989b; 
see also Chapter 5). 


neurons in culture [90]. This electrophysiological 
demonstration of a transient otj response is paralleled by an 
in vitro autoradiography developmental study in rats utilizing 
[ 1251] HEAT (2-beta- [4-hydroxyphenylethylamin o- 

methyl] tetralone) as the ligand. In globus pallidus, HEAT- 
binding sites increased in the first 2 weeks of neonatal life 
before decreasing to near adult levels at day 35 [91]. Using 
the same ligand in adult rats showed a moderate labeling of 
mesencephalic reticular formation, with increased density in 
central gray, dorsal, and median raphe nuclei and lateral 
reticular nucleus [92], but medial pontine and bulbar reticu¬ 
lar formation did not label strongly. The HEAT ligand 
showed a dense labeling of the LC, but it should be cau¬ 
tioned that other authors [93] found little LC binding of 
another a x antagonist, [3H]-WB 4101, but did find binding 
of the a 2 receptor ligand p-[3H]aminoclonidine, and the 
physiological studies cited above suggest a 2 receptors. The 
latter authors [93] did not indicate a high density of either 
aj or a 2 receptors in medial reticular formation, but they, as 
is true of most binding studies, did not take into account the 
lower “packing density” of mPRF neurons because of the 
presence of extensive fiber tracks in the reticular formation. 


6.2.1.2. Dorsal Raphe 

a r receptor activation in dorsal raphe (DR) neu¬ 
rons was observed to antagonize A-current [94]. Phenyl¬ 
ephrine had no direct effect on the low-threshold calcium 
current [95]. 


6.2.1.3. Pontine Reticular Formation 

With respect to the mPRF, in vivo microiontophoretic 
experiments [96] indicated that both reticulospinal 
and unidentified mPRF neurons were inhibited by NE, 
although the in vivo nature of the experiment precluded 
analysis of effects on membrane potential, resistance, 
or specific ionic conductances. Initial data utilizing the 
pontine reticular formation slice preparation [97] have 
shown that some mPRF neurons respond to bath applied 
NE in the presence of TTX with a hyperpolarization that 
reversed with wash-out of NE, consonant with the in vivo 
work. This response was mimicked by clonidine and accom¬ 
panied by a decrease in input resistance (Fig. 6.20R); 
data on the reversal potential suggest it may be due to 
an increase in a K + current. These effects of NE are consis¬ 
tent with an a 2 inhibitory response, and with the model 
of sleep cycle control presented in Chapter 12. Still other 
mPRF neurons in the slice preparation responded to 
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bath-applied NE with a depolarization and an increase in 
input resistance. This response was mimicked by phenyl¬ 
ephrine (Fig. 6.20A), and was thus consistent with an cq 
response. The aj agonists increased the frequency of 
inhibitory PSPs (Fig. 6.20A). Both the depolarizing and 
hyperpolarizing effects were seen in the presence of 
TTX, indicating the effect was direct, and not synaptically 
mediated. 

The oq depolarizing effects were seen in a majority of 
mPRF neurons—a result that was somewhat unexpected in 
view of the in vivo results [96] showing that NE uniformly 
produced suppression of firing. It is possible that the 
in vivo firing suppression might have resulted from shunt¬ 
ing of excitatory input by the NE-induced inhibitory PSPs. 
It is also possible that the oq depolarizing response found 
in slices from young rats might be developmentally tran¬ 
sient, as was reported for oq depolarizing response in LC 
neurons (see Section 6.2.1.1). Another possible reason for 
differences between the cat in vivo and rat in vitro work is 
species differences. 


6.2.2. Basal Forebrain 

Work in guinea pig slices from cholinergic and non- 
cholinergic nucleus basalis neurons showed that more 


A PHENYLEPHRINE 5pM B CLONIDINE 1/xM 

3 Min 3 Min 



Figure 6.20. Depolarizing and hyperpolarizing responses of mPRF neurons in vitro to noradrenergic 
a agonists. A, depolarization from bath application of an a| agonist, phenylephrine, 5 pM, at the time 
indicated by the bar. Downward deflections result from constant current pulses injected intracellularly to 
monitor input resistance, and at the times indicated by the bars membrane potential was returned to 
resting or to maximal depolarized levels to control for the nonspecific effects of intrinsic voltage sensitive 
currents on input resistance. Note that phenylephrine produces an increase in input resistance. 
Note also the increase in postsynaptic potentials (thickened baseline); KMeS0 4 recording electrodes 
indicated these were hyperpolarizing. B, hyperpolarizing response to bath application of the a 2 agonist, 
clonidine, 1 pM. Chart record and downward deflections as in part A; note that clonidine produces 
a decrease in input resistance. Modified from Greene et al. (1989b). 
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[98] Fort etaL (1995, 
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than half of those cells were depolarized by NE, whereas 
approximately 15% were hyperpolarized by both NE and 
muscarine [98]. In cholinergic cells, the excitatory effect 
of NE was blocked by the a 1 receptor antagonist prazosin, 
but not by the a 2 antagonist yohimbine, and it was mim¬ 
icked by the agonist L-phenylephrine, thus indication 
mediation by an a] adrenergic receptor. 
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[99] Rogawskiand 
Aghajanian (1980a, b); 
Kayama et al (1982). 

[100] Phillis and Tebecis 
(1967); Pape and Eysel 
(1987). 

[101] McCormick and 
Prince (1988). 


[102] Foote et al (1975); 
Phillis and Kostopoulos 
(1977); Stone and Taylor 
(1977b); Waterhouse and 
Woodward (1980); 
Waterhouse et al 
(1981, 1982). 

[103] Foehring et al. 
(1989). The depolarizing 
effects elicited by NE on 
sensorimotor cortical neu¬ 
rons have been confirmed 
in a study on corticotectal 
and corticopontine layer V 
neurons (Wang and 
McCormick, 1993). The lat¬ 
ter authors showed a medi¬ 
ation by ai adrenoreceptor, 
as the effects were mim¬ 
icked by phenylephrine 
and blocked by prazosin. 
That the NE-induced 
increased excitability of 
neocortical neurons can 
also be mediated by (3 
adrenergic agonists (such 
as isoprenaline) was shown 
byDodt etaL (1991). 

[104] Madison and Nicoll 
(1986a, b). 


6.2.3. Thalamus 

NE actions studied in vivo were generally described as 
excitatory in the rat LG and PG nuclei [99], but mainly 
depressive on spontaneous and evoked activities of cat LG 
neurons [100]. In vitro studies of LG neurons of guinea pig 
and cat showed that NE slowly depolarizes the cell and 
induces an increase in membrane resistance [101]. The 
slow depolarization is caused by blockage of a resting K + 
conductance. Thus, NE acts similarly to ACh in blocking 
the burst firing mode and transforming it into single spike 
discharges. Of course, this NE action (namely, that NE 
activates thalamic neurons synergically with ACh) is only 
possible during waking, when LC neurons are tonically 
active. The only source for thalamic and cortical activation 
during the other EEG-activated state, REM sleep, are 
brainstem and basal forebrain cholinergic neurons, which 
are active during both wakefulness and REM sleep (see 
Chapter 9). 


6.2.4. Neocortex and Hippocampus 

The different results obtained in extracellular record¬ 
ings of neocortical neurons in vivo , showing depressive 
as well as excitatory effects [102], varied with different 
anesthetics and cellular types that were not fully identified 
in those earlier studies. Studies in vitro on large-size neu¬ 
rons from layer V of cat sensorimotor cortex revealed that 
NE usually caused a small depolarization and reversibly 
reduced the slow afterhyperpolarizing potential (sAHP) 
[103]. These effects on membrane potential and sAHP 
were mimicked by the (3-adrenergic agonist, isoproterenol. 

NE effects have been extensively studied in hip¬ 
pocampus, but, since these data have been reviewed 
extensively elsewhere, we here will sketch only a broad 
outline of effects, so as to serve for comparison with the 
more detailed exposition of brainstem effects (see Section 
6.2.1). Hippocampal CA1 neurons respond to NE with a 
reduction in the Ca 2+ -dependent long duration AHP and 
associated accommodation [104], an effect mediated by 
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p r receptor activation. This results in an increase in cyclic 
AMP that, in turn, reduces the Ca 2+ -dependent K + current 
responsible for accommodation and the long duration 
AHP. No effect was observed on Ca 2+ current in these neu¬ 
rons. Activation of the P receptor also elicits a membrane 
depolarization in 80% of the neurons, probably as a result 
of reduction of Ca 2+ -dependent K + current [105]. In 70% 
of GA1 neurons, an a-mediated membrane hyperpolariza¬ 
tion (possibly a 2 ) accompanied by a decrease in input 
resistance was also reported. The activation of an a recep¬ 
tor presynaptic to the GA1 neurons has been reported to 
reduce IPSP amplitude while increasing the frequency of 
spontaneous IPSPs [106]. In granule cells of the hip¬ 
pocampus, p-receptor activation elicits an increase in Ca 2+ 
current [107], As with p effects in CA1 neurons, this may 
have been mediated by cyclic AMP. Also similar to effects 
on CA1 neurons, NE was observed to antagonize the long 
duration AHP and associated accommodation in granule 
cells [108]. 


6.3. Serotonin 

It is now clear from intracellular recordings of in vitro 
preparations of both invertebrate and vertebrate CNS that 
serotonin (5-HT) elicits a wide variety of changes in ionic 
conductances. 

At least seven different responses to 5-HT have been 
described in neurons from the molluscan CNS. The first 
six involve increases in conductance to Na + (fast and 
slow), K + , and Cl A and decreases in conductance to K + 
and to a cation nonselective conductance of Na + /K + 
[109]. The 5-HT-elicited reduction of K + conductance has 
been further characterized as a reduction in an outwardly 
rectifying, steady-state current with no threshold for activa¬ 
tion (thus, distinguishing it from M-current). It has been 
named “S-current” and is suggested to mediate the facilita¬ 
tion responsible for sensitization of the tail and siphon-gill 
withdrawal reflexes [110]. The increase in K + conduc¬ 
tance by 5-HT results from an increase in the anomalous 
rectifier K + current probably due to an increased number 
of functional channels [111]. A seventh response was 
described as an increase in voltage-sensitive Ca 2+ 
conductance [112]. 

In the peripheral nervous system of vertebrates, at 
least four types of 5-HT receptors have been classified 
[113]: 5-HT 1A , 5 -HT 1b (both evoke inhibition), 5-HT 2 (exci¬ 
tatory), and 5-HT 3 (excitatory). There are selective anta¬ 
gonists: spiperone (for 5-HT 1A ), ketanserin (for 5-HT 2 ), 
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[114] Aghajanian (1981); 
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Peroutka et al (1981); 
Lucki etal (1984); 
Goodwin and Green 
(1985); Yakel et al. (1988). 


[115] Williams ^al 
(1988b). 


and ICS205-930 (for 5-HT 3 ). Agonists are 5-carboxyami- 
dotryptamine (5-CT) for 5-HT 1A _ B , 5-alpha-methyl-5-HT 
for 5-HT 2 and 2-methyl-5-HT for 5-HT 3 receptors. Radio¬ 
ligand binding studies, models of 5-HT agonist mediated 
motor disturbances, microiontophoretic electrophysio- 
logical studies, and cellular studies of cultured neurons 
suggest the presence of at least four 5-HT receptors in 
mammalian CNS [114]. However, classification based on 
the interaction of the above mentioned agents with 
electrophysiologically identified serotonergic receptors in 
in vitro preparations is yet not extensive, although current 
work in these areas is both promising and growing. 


6.3.1. Brainstem 

6.3.1.1. Dorsal Raphe 

Intrinsic and ligand-induced K + conductances in pre¬ 
sumptively serotonergic DR neurons in vitro have been 
investigated [115]. Two intrinsic and one 5-HT-induced 
inwardly rectifying conductances have been described. 
One intrinsic conductance exhibited the characteristics of 
the classic inward rectifier, and thus was similar to the G ir 
described for LC neurons (see Section 6.2) in that there 
was a rapid activation (5 ms), Ra 2+ -sensitive, with a voltage 
sensitivity centered about E k . The second intrinsic, 
inwardly rectifying K + conductance was seen at potentials 
negative to —70 mV where there was a slowly activating 
(0,3-1 s), noninactivating, and Ba 2+ -insensitive but Cs + - 
sensitive inward current. This current thus resembled the 
Q-current described previously [69]. The Q-like current 
had only a minor role in total membrane conductance 
under conditions of normal K + concentrations, but the G ir 
had a relatively prominent role in many neurons. For the 
DR population as a whole, the slope conductance increase 
for G ir was about one-half that seen in LC neurons. 

The 5-HTi agonist 5CT produced a hyperpolarization 
by means of an increased K + conductance that was 
inwardly rectifying (Fig. 6.21). The 5CT-induced hyper¬ 
polarization was dose dependent and was blocked by prior 
treatment with pertussis toxin, suggesting a G-protein 
linked between the 5-HTj receptor and the K + channel. It 
is of interest that the GABA b agonist baclofen had parallel 
effects, both producing the inwardly rectifying K + conduc¬ 
tance, and being blocked by pertussis toxin. Further, 
occlusion experiments suggested the same channel was 
affected by both 5CT and baclofen. 

Focal electrical stimulation of the DR produced 
hyperpolarizing potentials in DR neurons; these were 
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Figure 6.21. The 5-HTj receptor-induced increase in K + conductance in dorsal raphe neurons in vitro 
rectifies inwardly. A, steady-state current—voltage plots in the presence and absence of the 5-HT] agonist 
5-carboxyamidotryptamine (5-CT) in two concentrations of K + . Note the reversal potential shifts to a less 
negative potential in high K + . B, the 5-CT conductance increases as the membrane potential is made 
more negative and the slope increases in high K + concentrations. Normalized conductance is expressed 
in terms of the conductance obtained at —60 mV in 2.5 mM potassium for each of the DR neurons 
sampled; each point is an averaged value for the given N. Modified from Williams et al. (1988b). 


5-20 mV in amplitude, 1-2 s in duration, reversed at the 
K + equilibrium potential, and were reversibly antagonized 
by LSD and methylsergide and enhanced by the 5-HT 
uptake inhibitor imipramine, thus suggesting they were 
caused by synaptic release of 5-HT, presumably from recur¬ 
rent collaterals of DR neurons [116]. The electrically [116] Yoshimuraand 
induced hyperpolarizations were similar to those caused Higashi (1985). 
by the 5-HT! agonist 5CT, since they were mediated by 
an inwardly rectifying K + conductance with comparable 
characteristics [115] (see Fig. 6.22). It may be noted that 
these data provide strong support for the hypothesis of 
5-HT-mediated DR-to-DR feedback inhibition, much as was 
noted for the LC-LC a^-mediated feedback inhibition in 
Section 6.2.1.1. This postulate is important for the model 
of sleep cycle control to be presented in Chapter 12. 

6.3.1.2. Pontine Reticular Formation and 
Facial Motoneurons 

In vitro studies using 5-HT application to neurons in 
the pontine reticular formation slice preparation [117] D17] Stevens etal (1989). 

suggest two major 5-HT effects. One population of neu¬ 
rons responded with a membrane hyperpolarization and 
decreased input resistance (Fig. 6.23A). Data on reversal 
potential indicate that a change in K + conductance may be 
responsible. This would be compatible with a 5-HT t 
response, although appropriate agonists and antagonists 
have yet to be tested. Still another group of neurons shows 




Figure 6.22. Focal electrical stimulation of the dorsal raphe 
in vitro elicits inhibitory synaptic potentials in DR neurons, 
which is caused by an inwardly rectifying K + conductance. A, 
voltage (left) and current (right) recordings from a single DR 
neuron held at various membrane potentials. At potentials 
near resting the focal stimulation induces a hyperpolarizing 


response (i.p.s.p.) with outward current (i.p.s.c.). B, the 
amplitude of the postsynaptic potential and of the current is 
a nonlinear function of membrane potential, with a marked 
increase in inward current at negative potentials (inward recti¬ 
fication) comparable to that induced by the 5-HT! agonist 
5HC. Modified from Williams et at (1988b). 


A 



Figure 6.23. Hyperpolarizing response (A) and depolarizing 
response (B) of two mPRF neurons recorded in vitro to the bath 
application of 5-HT (10 jjlM, in the presence of 0.5 jjiM 
tetrodotoxin) superfused during the period indicated by the hor¬ 
izontal bar above the trace. Deflections are from constant current 

[118] VanderMaelen and 
Aghajanian (1980). 

[119] Luebke et al (1992); 

Leonard and Llinas (1994); 

Leonard etal (1995b). In 
chronic experiments using 
extracellular unit record¬ 
ings and microdialysis, dis¬ 
charge activity of REM-on 
neurons recorded from 
mesopontine cholinergic 
nuclei was completely sup¬ 
pressed by local microdialy¬ 
sis perfusion of 5-HT IA 
agonists (Thakkar et al, 

1998). 



pulses used to measure input resistance. Note the hyperpolariz¬ 
ing response is associated with a decrease in input resistance and 
the depolarizing response with an increase in input resistance. 
Modified from Stevens et al (1989). 


a depolarization and increased input resistance, compatible 
with anon-5-HTj response (Fig. 6.2IB). Excitatory responses 
to 5-HT associated with a small decrease in membrane 
potential and increase in input resistance (probably medi¬ 
ated by a decrease in K + conductance) have been observed 
in facial motoneurons recorded in vivo [118]. 

6.3.1.3. Mesopontine Cholinergic Nuclei 

Data on 5-HT effects on neurons recorded from meso¬ 
pontine cholinergic (PPT/LDT) neurons, including low- 
threshold bursting ones, consistently showed inhibitory 
actions, through activation of an inwardly rectifying K + 
conductance, mediated by 5-HT IA receptors [119]. 
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6.3.2. Thalamus and Cerebral Cortex 

Compared to the consistent results from in vivo 
and in vitro intracellular studies with ACh application (see 
Sections 6.1.3 and 6.1.4), extracellular and intracellular 
data using 5-HT application report depressive effects on 
thalamic neurons [120] and both depressant and excita¬ 
tory actions upon neocortical cells [121]. 

Recordings from hippocampal neurons in vitro have 
revealed that 5-HT evokes a hyperpolarization mediated 
by an increase in K + conductance that was not dependant 
on Ca 2+ but the voltage sensitivity has not been examined 
[122]. The inhibitory actions of 5-HT in the hippocampus 
appear to be mediated by a 5-HT 1A receptor, as identified 
by the use of the agonists 5-CT and 8-hydroxy-2-(di-n- 
propylamine)tetralin (8-OH-DPAT) and the antagonistic 
actions of spiperone [123]. Application of 5-HT to DR 
neurons in vitro produced a hyperpolarization by altering a 
K + conductance [116]; this response was reversibly antago¬ 
nized by LSD and methylsergide and was enhanced by the 
5-HT uptake inhibitor imipramine. 


6.4. Excitatory Amino Acids 

6.4.1. Summary of Excitatory Amino Acid 
Receptor Types 

As an orientation to excitatory amino acids (EAA) 
receptor types and physiological characteristics, we sum¬ 
marize previous work on EAA at nonbrainstem sites in 
Table 6.2. As defined by their specific agonists, three 
main classes of EAA receptors have been described in the 
mammalian CNS: the NMDA receptor and two non- 
NMDA receptors, a quisqualate, and a kainate [124]. 
Characterization of the receptors in terms of their voltage 
and ionic sensitivities has now been accomplished by volt¬ 
age and patch clamp recordings in cultured mammalian 
CNS neurons. Channels preferentially activated by the 
non-NMDA receptors had little voltage sensitivity, were 
selective for monovalent cations (Na + and K + ), and had 
reversal potentials of near 0 mV in physiological media. 
Channels preferentially activated by the NMDA receptor 
were voltage sensitive and were selectively permeable to 
divalent (Ca 2+ in particular) as well as monovalent cations. 
Single channel conductance evaluation showed each 
receptor activated a family of conductances ranging 
from 2-50 ps; kainate and quisqualate receptors primarily 
opened channels with smaller conductances (kainate 


[120] Kemp et al (1982); 
Pape and Eysel (1987). 
More recently, these 
depressive effects exerted 
by 5-HT on thalamic neu¬ 
rons have been confirmed 
in thalamic slices from 
ferrets (Monckton and 
McCormick, 2002). Data 
showed hyperpolarization 
of thalamic neurons in a 
variety of nuclei (mainly 
associational and intralami¬ 
nar), due to a direct action 
on thalamic relay cells 
through an increase in K + 
conductance and an indi¬ 
rect action through activa¬ 
tion of local interneurons. 

[121] Reader (1978); Olpe 
(1981). The receptors and 
underlying cellular mecha¬ 
nisms of these effects 
remain to be elucidated. 

[122] Segal (1980); 
Andrade et al (1986). 

[123] Beck et al (1985); 
Andrade et al (1986). 
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(1981). 



Table 6.2. Excitatory Amino Acid Receptor Type (Agonist)' 
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Characteristics 

NMDA 

Quisqualate * 

Kainate 

Voltage sensitivity 

+ 

- 

- 

Magnesium block 

+ 

- 

- 

Calcium permeability 

+ 

- 

- 

Na + /K + permeability 

+ 

4- 

+ 

Modulation 

Glycine T, zinc and opiates 4 

- 

- 

Antagonist 

Kynurenate, CPP, APV 

Kynurenate, CNQX 

Kynurenate, CNQX 


a NMDA = A^me thyl-D-aspar tate; CPP = 3~((+)-2-carboxypiperazin-4-gamma-l)-propyI-l-phosphonic acid; APV = 
5-amino-phosphonovaleric acid; CNQX = 2,3-dihydroxy-6-cyano-7-nitroquinoxaIone. 

*Beta-L-ODAP (beta-iVoxalyl-L-alpha, beta-diaminoproprionic acid) binds strongly to the quisqualate class of receptors, 
less strongly to the kainate class, and only very weakly to the NMDA class. 
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(1987). 
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[ 134] Perkins and Stone 
(1982); Cotman etal 
(1986). 
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activation tended toward openings of <5 ps while 
quisqualate towards 10-15 ps) and NMDA receptors pref¬ 
erentially activated channels with larger conductances of 
45-50 ps [125]. The NMDA receptor is of special interest 
due to its voltage sensitivity, which has been attributed 
to a voltage sensitive blockade by Mg 2+ at physiological 
concentrations [126]. This blockade is removed by depo¬ 
larization and endows the NMDA response with some 
regenerative properties. For example, NMDA may only 
slightly alter the resting properties of a neuron with mem¬ 
brane potential at rest, but once membrane potential is 
depolarized past the threshold for removal of the magne¬ 
sium blockade, NMDA may elicit a large burst of action 
potentials [127]. 

The Ca 2+ conductance activated by the NMDA recep¬ 
tor is of importance and interest because it is of sufficient 
magnitude to raise significantly the intracellular Ca 2+ con¬ 
centration of the neuron [128]. This likely affects intracel¬ 
lular signal processing and, in fact, has already been 
implicated as an integral part of the development of long¬ 
term potentiation in hippocampal CA1 neurons [129]. 

Finally, the NMDA response has been found to be 
modulated by glycine, zinc, and likely also by opiates 
[130]. Glycine potentiated the NMDA response with maxi¬ 
mal effects occurring at such low concentrations (<2 jxM) 
[131 ] that it raises the possibility that NMDA responses are 
modulated by synaptically released glycine in areas with 
glycinergic transmission, such as may occur in mPRF [23]. 
Glycine potentiation of NMDA responses was not antago¬ 
nized by strychnine. Zinc antagonized the NMDA response 
[132]. Sigma opiate compounds acted as noncompetitive 
antagonists to the NMDA receptors, but the electrophysio- 
logical effects are still unknown [133]. 

Antagonists, as summarized in Table 6.2, include the 
nonspecific EAA antagonist kynurenate [134] and the spe¬ 
cific NMDA receptor antagonist 3-(( + )-2-carboxypiperazin- 
4-gamma-l)-propyl-1-phosphonic acid (CPP) [135]. 




Prethalamic 

afferents 
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[136] Ito and McCarley 
(1987); McCarley et al 
(1987). 


[137] Siegel and Lai 
(1988). 


[138] Sanchez and 
Leonard (1996). 


6.4.2.1. Mesopontine and Bulbar Reticular Formation 

In vivo studies have shown that EPSPs characterized by a 
distinctive fast time to peak (<3 ms) were readily evoked in 
the mPRF by stimulation of all areas of the brainstem reticu¬ 
lar formation, including mPRF [136]. Such types of EPSPs 
are also present in mPRF stimulation-recording paradigms 
in the slice. This fast rise time characteristic was mimicked by 
iontophoretic application of glutamate or aspartate [23]. In 
contrast, no other putative transmitter candidate tested 
(including ACh, NE, 5-HT, and thyrotropin-releasing hor¬ 
mone) elicited such an mPRF response. Behavioral data also 
indicate the responsiveness of the reticular formation mus¬ 
cle suppression zone in dorsolateral pons to applications of 
EAA agonists [137]. The phasic depolarizations of alpha 
lumbar motoneurons during REM sleep are mediated by 
non-NMDA receptors; some of these PSPs may be mediated 
by reticulospinal fibers (see Chapter 3). Data supporting an 
EAA pathway from the nucleus paragigantocellularis in the 
medulla to the LC are discussed in the next section. At this 
point we conclude that it is highly likely, although not yet 
demonstrated in rigorously controlled in vitro studies, that 
EAA are an important class of excitatory brainstem reticular 
formation neurotransmitters. 

Studies on slices from mesopontine cholinergic 
nuclei showed that the synaptic activation of neurons is 
mediated by both non-NMDA and NMDA receptors, and 
indicated that NMDA receptors contribute to the fast 
excitatory transmission in those neurons [138]. 
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Figure 6.24. Schematic diagram of excitatory amino acids (EAA) and ACh effects on pyramidal-shaped 
neocortical, thalamocortical (relay), and thalamic reticular (RE) neurons. Direction of axons is indi¬ 
cated by arrows. ACh is released in the thalamus by mesopontine cholinergic peribrachial (PB, or pedun- 
culopontine tegmental) and laterodorsal tegmental (LDT) neurons. In the neocortex, ACh is released 
by nucleus basalis (NB) neurons. In thalamic relay and reticular neurons, as well as in pyramidal neocor¬ 
tical neurons, EEG-synchronized sleep (S) is characterized by rhythmic inhibitory periods and bursts of 
action potentials. The information transfer of thalamic relay cells is dramatically reduced during S (see 
details in Chapter 9). In neocortical cells, the activity evoked by incoming signals is further reduced by 
due to a relatively uninhibited M-current and slow afterhyperpolarization current (/ ahp ) that underlie 
spike frequency adaptation. Upon transition from S to waking (W), the cholinergic PB/LDT neurons 
increase their rates of spontaneous firing about 20 s before the time 0 of W; an increased activity is also 
seen in NB cells (see details in Chapter 10). Note that no significant change is seen in neurons recorded 
from prethalamic relay stations. Increased firing and tonic activity of thalamic relay cells is due to 
increased release of ACh, as well as glutamate (glu) released by corticothalamic neurons as many brain¬ 
stem reticular neurons projecting to thalamus, because both these neurotransmitters produce a decrease 
in a “leak” K + current. The hyperpolarization (associated with increased K + conductance) of thalamic 
reticular cells by ACh further excites (by disinhibition) thalamic relay cells. However, reticular neurons 
increase firing rates upon arousal because of excitatory influences mediated by EAA released by thalamic 
relay and corticothalamic cells. Scheme of changes in ionic conductances modified from McCormick’s 
review (1990). Data related to S-W behavior of various types of brainstem, thalamic, and neocortical 
neurons are from chronic experiments by Steriade et al (1974a, 1986,1990a). 
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The short latency excitatory response of LC neurons 
to focal stimulation of the slice has been illustrated in 
Fig. 6.17. In the in vitro LC slice preparation evidence was 
presented that this fast EPSP results from activation of 
an EAA receptor [139], complementing in vivo data 
indicating an EAA projection from the nucleus paragigan- 
tocellularis in medulla (see Chapter 3). 


6,4.3. Thalamus and Neocortex 

Thalamic and cortical neurons possess both NMDA 
and non-NMDA receptors [140]. 

The excitatory responses of thalamic LG cells to optic 
afferent stimulation are blocked by both NMDA and non- 
NMDA antagonists [141]. The corticothalamic pathways 
also use EAA as transmitters since unilateral decortication 
results in a decline of terminal uptake of aspartate and glu¬ 
tamate in the ipsilateral appropriate thalamic nuclei [142] 
and D-( 3 H)-aspartate injected in various thalamic nuclei 
is taken up by corticothalamic neurons [143]. The TC pro¬ 
jections also use EAA as transmitters [144]. This was also 
inferred from the blockade of visually-evoked responses 
of simple neurons in the striate cortex by kynurenic acid, 
a general EAA antagonist [145]. 

The actions of EAA appear mediated by at least three 
types of receptors. Aspartate seems to act on NMDA recep¬ 
tor [140, 146]. The other types are non-NMDA receptors, 
quisqualate and kainite [130]. Glutamate appears to act 
at both NMDA and non-NMDA receptors. Whereas non- 
NMDA receptor activation induces a fast-rising EPSP with 
a short decay time, the NMDA receptor activation pro¬ 
duces a depolarization with a longer duration [147]. The 
long-term characteristic of the NMDA response probably 
accounts for NMDA involvement in plasticity processes of 
the visual cortex [148], similarly to the long-term potentia¬ 
tion described in the hippocampus [149]. 

The striking depolarization produced in cortical cells 
by EAA is associated with a marked fall in membrane resist¬ 
ance [150], like EEA effects on spinal cord [151] and hip¬ 
pocampal [152] neurons. The excitatory effect of EAA on 
cortical pyramidal-shaped neurons was also studied in vitro 
[153]. It was found that the depolarizing response to 
NMDA is voltage-dependent, decreasing in amplitude and 
duration with membrane hyperpolarization, and that it is 
associated with an apparent increase in input resistance. 

The combined effects of EAA and ACh exerted 
on thalamic and neocortical neurons are summarized in 
Fig. 6.24. 
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Synchronized Brain Oscillations 
Leading to Neuronal Plasticity 
during Waking and Sleep States 


The physiological bases of the principal synchronized 
rhythms of brain electrical activity (EEG) are discussed here 
because these rhythms are used to objectively identify wak¬ 
ing and sleep states. Most of their alterations are induced by 
increased or decreased activity in brainstem, posterior hypo¬ 
thalamic, and basal forebrain neurons with thalamic, neo- 
cortical, and hippocampal projections. The knowledge of 
cellular mechanisms underlying the synchronization of low- 
and high-frequency brain oscillations is therefore necessary 
to understand the role played by generalized modulatory 
systems in central physiological correlates of behavioral 
states. 

Various types of EEG synchronized waves display slow 
as well as fast frequencies, from less than 1 Hz to more 
than 60 Hz or even ultra-fast (80-200 Hz) oscillations. 
The notion of synchronization supposes the coactivation 
of large neuronal aggregates whose summated synaptic 
events and/or intrinsic currents reach such a magnitude 
that they can be recorded with rather gross recording tech¬ 
niques. There is now ample evidence that EEG activity 
mainly results from extracellular current flow associated 
with summated excitatory and inhibitory postsynaptic 
potentials (EPSPs and IPSPs). However, the long-lasting 
/ K(Ca) and a series of other intrinsic neuronal properties 
should also be considered as playing a role in the genesis 
of various EEG waves. 

Conventionally, the term EEG synchronization is used 
as a label for the state of quiet (NREM) sleep. This is justified 
by the diffuse occurrence over the neocortical mantle of the 
three major synchronized rhythms (spindles, delta, and slow 
oscillations) during the state of sleep preceding REM sleep. 
However, the synonymy between EEG synchronization and 
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quiet sleep is an oversimplification, since synchronized 
(sometimes high-amplitude) high-frequency rhythms appear 
in thalamus and cortical foci during states of increased alert¬ 
ness and synchronized theta waves occur in some species 
during REM sleep and active wakefulness. 

In what follows, we discuss the frequency characteristics 
and behavioral connotation of the main types of synchro¬ 
nized EEG activity. To a large extent, the identification of 
pacemakers and the disclosure of cellular bases have been 
achieved for spindle waves and theta waves. The mecha¬ 
nisms of other synchronized rhythms, such as alpha waves, 
are as yet poorly understood at the cellular level. We first 
describe in Section 7.1 four types of synchronized oscilla¬ 
tions that appear during the brain-activated states of waking 
and REM sleep. In Section 7.2, we discuss the mechanisms 
of generation and synchronization of three types of low- 
frequency oscillations that characterize the state of NREM 
sleep. Finally (Section 7.3), we discuss some pathological 
oscillations that develop during waking and NREM sleep. 

Throughout this chapter, we will emphasize that the 
thalamus and cerebral cortex have to be considered as a 
unified oscillatory machine under the control of brain¬ 
stem and forebrain modulatory systems. This complexity 
requires investigations in intact-brain preparations. 


7.1. Rhythms during Brain-Active States of 
Waking and REM Sleep 

7.1.1. Alpha 

Although the description of alpha rhythm (8-13 Hz) 
dates back to the late 1920s [1], there is no knowledge 
about its cellular mechanisms because alpha waves have 
been mainly analyzed from scalp recordings in humans and 
laminar profiles of cortical field potentials in animals. The 
mechanisms of this rhythm have been searched by record¬ 
ing spindle oscillations under barbiturate anesthesia [2]; 
however, although the frequencies of these two rhythms 
may overlap, their origins, mechanisms, and especially their 
behavioral context are very dissimilar. 

Alpha waves usually occur during relaxed wakefulness 
and may be a central timing mechanism regulating affer¬ 
ent and efferent signals [3]. The conventional wisdom that 
the occipital alpha rhythm is associated with reduced 
visual attention is challenged by the fact that the incidence 
of alpha waves increases during responses to visual stimuli 
or concentration on visual imagery [4] and the reports 
about augmentation of alpha activity during attention 
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tasks [5]. In contrast, spindle oscillations are associated 
with blockage of synaptic transmission through the thala¬ 
mus from the very onset of sleep [6], which explains the 
disconnection from the external world and unconscious¬ 
ness. Thus, the idea of alpha viewed as an embryo of spindle 
oscillations is untenable. 

The origins of spindle and alpha waves are also differ¬ 
ent. At variance with the thalamic origin of spindle oscilla¬ 
tions (see Section 7.2.1), a series of experimental and 
modeling data toward the understanding of the origin of 
alpha rhythm in the dog suggested that alpha waves are 
mainly generated and spread within the cerebral cortex 
[7]. Thus, in the visual cortex, alpha waves are generated 
by an equivalent dipole layer centered at the level of the 
somata and basal dendrites of pyramidal neurons in layers 
IV and V. The coherence between alpha rhythms recorded 
in adjacent (~2 mm) foci of the visual cortex is larger than 
any thalamocortical (TC) coherences measured in the 
same animal. These findings led to the conclusion that a 
system of surface-parallel intracortical connections is 
mainly involved in the spread of alpha activity, while the 
influence of visual thalamic nuclei over the cerebral cortex 
is only moderate. 


7.1.2. Oscillations during Waking Immobility: 

The Sensorimotor Rhythm 

Synchronized EEG waves within the frequency range 
of 12-16 Hz have been described during wakefulness asso¬ 
ciated with complete absence of phasic motor activity. 
Such oscillations were initially termed the “sensorimotor 
rhythm” [8], have been postulated to reflect active sup¬ 
pressive or inhibitory processes [9], and are homologous 
to the p-rhythm that appears over the central sulcus in 
humans, which is also related with the blockage of motor 
activity [10]. Subsequently, this rhythm was more precisely 
localized within the somatosensory system, as it was 
recorded in the ventroposterolateral (VPL) thalamic 
nucleus and its cortical projection area [11]. 

The patterns of EEG activity during waking immobility 
(with the exception of occasional eye and tail movements) 
were analyzed in detail in cats [12]. Different frequencies of 
oscillations were described while placing the cat in experi¬ 
mental conditions that may be qualified as “hunting” situa¬ 
tions. Two distinct behavioral conditions were associated 
with two different frequencies and cortical locations of oscil¬ 
lations. When the animal was in a position of expectancy, 
waiting for the unseen mouse to come out through a hole, 
the rhythms were around 14 Hz and were localized over the 
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Figure 7.1. Cortical rhythms during waking immobility in one motor and one parietal focus (in B). In 3, evolutive spec- 
cat. A, expectancy, rhythm frequency 14 Hz. B, focused tra taken during 90-min recording time. Each spectrum was 
attention, rhythm frequency 36 Hz. See text for behavioral computed from 1 min recording. Heights of peaks indicate 
paradigms. In both A and B, 1 illustrates the animal’s most spectral power (in piV 2 ) in the frequency band 0-50 Hz. 
common attitudes in the used experimental design and Added to each set of evolutive spectra is the average spec- 
2 depicts types of rhythmic patterns and their localization: trum computed over the 90 min recording time. From 
one focus in the primary somatosensory cortex (in A) and Rougeul-Buser et al. (1983). 

anterior limb zone of primary somatosensory area 
(Fig. 7.1A). However, when the cat was watching the visible 
but unsizable mouse, high-frequency (35-45 Hz) rhythms 
appeared in two foci, one in the pericruciate (motor) 
cortex, the other in the periansate (parietal association) 
area (Fig. 7.IB). Similar fast rhythms have been described in 

the monkey [13]. 1433 Rougeul etal (1979). 

On the basis of macroelectrode recordings and lesions 
in the cat thalamus, it was hypothesized that the thalamic 
source of the 14 Hz rhythm is the VPL nucleus, while the 
medial part of the posterior thalamic complex (POm) was 
thought to generate the fast (35-45 Hz) rhythms that 
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(2002) described the neu¬ 
ral activity in the VPM thal¬ 
amus during three 
behavioral states in rats: 
quiet waking, whisking 
(with back-and-forth move¬ 
ments of whiskers at a rate 
of 4-6 Hz), and whisker 
twitching (with small move¬ 
ments at a rate of 7-12 Hz). 
The authors referred to the 
whisker-twitching-related 
activity as “bursting” and 
challenged the idea that 
bursts of fast action poten¬ 
tials crowning LTSs only 
occur during the hyperpo¬ 
larization states of TC neu¬ 
rons (such as slow-wave 
sleep) on the basis that 
some studies in the visual 
thalamus reported “spike- 
bursts” during wakefulness. 
With respect to this idea, 
see note 58 in Chapter 5 
showing the absence or 
extreme paucity (< 1 %) of 
bona fide spike-bursts dur¬ 
ing wakefulness, and a 
recent commentary 
(Steriade, 2001c) explain¬ 
ing that, to demonstrate 
the presence of spike-bursts 
during wakefulness, intra¬ 
cellular recordings are 
needed. Otherwise, spike- 
bursts crowning LTSs may 
be confounded with brisk 
firing consisting of trains of 
single spikes that occur at a 
depolarized level. That, 
indeed, wakefulness is asso¬ 
ciated with depolarization 
(membrane potential more 
positive than —60 or 

-55 mV) of TC cells 
(Hirsch et al, 1983), when 
no LTSs can be elicited, was 


appear over the pericruciate and periansate cortices [14]. 
A microelectrode exploration revealed that a very limited 
number (13%) of VPL thalamic cells changed their dis¬ 
charges when the 14 Hz rhythm occurred in the cortex, 
and those few neurons displayed various firing patterns 
during cortical oscillations: tonic firing or phasic dis¬ 
charges related to the cortical rhythm [12]. The sponta¬ 
neous activity of VPL thalamic neurons fluctuates with the 
degree of vigilance and with the presence or absence of the 
cortical 14-Hz rhythm being higher between the trains of 
14-Hz waves than during those trains [15]. 

Despite apparent similarities with spindle waves, the 
rhythms during waking immobility are basically different 
from sleep spindles. The dissimilarities do not only concern 
the 35-45 Hz rhythm that is far beyond the frequency range 
(7-14 Hz) of spindles, but also the slower (14 Hz) “sensori¬ 
motor” rhythm. Indeed: (a) sleep spindles are recorded over 
extensive cortical areas, whereas the 14-Hz oscillations 
related to expectancy are restricted within a cortical territory 
that does not exceed 5 mm 2 ; and (b) cortical spindles are 
generated by rhythmic high-frequency bursts in TC neurons 
(see Section 7.2.1), which also contrasts with the few thala¬ 
mic cells found to discharge in phase with the expectancy 
rhythm. The location of driving forces and the cellular 
mechanisms of the 14-Hz expectancy rhythm remain to be 
elucidated. As to the fast (35-45 Hz) oscillations of pericru¬ 
ciate and periansate cortices, they are suppressed after bilat¬ 
eral electrolytic lesions of the ventral tegmental area of the 
mesencephalon, thus suggesting that a dopaminergic mech¬ 
anism is involved in their genesis [16]. 

When rats are standing or sitting still, whisker twitch¬ 
ing is very rhythmic, at a rate of 7-12 Hz [17]. This state is 
associated with synchronous oscillatory neuronal activity 
in primary somatosensory (SI) cortex and ventropostero- 
medial (VPM) thalamus [18]. 

The intrinsic and network neuronal mechanisms as 
well as synchronization features of fast (beta and gamma) 
oscillations occurring spontaneously or triggered by sensory 
volleys are discussed below (Section 7.1.4). 


7.1.3. Theta 

The theta rhythm consists of high-amplitude regular 
waves that appear in the septohippocampal system and 
related subsystems of nonprimate mammals. Theta waves 
have a frequency of 4-7 Hz in rabbit and cat, and 6-10 Hz in 
rat. The relation between theta rhythm and brain-activated 
states (arousal and REM sleep) is clearly established in 
rodents. In rat, the animal of choice for the study of theta 


259 

SYNCHRONIZED 

BRAIN 

OSCILLATION 



260 

CHAPTER 7 


rhythm in relation to different types of waking behavior, 
hippocampal theta waves appear during walking, running, 
jumping, head movements, and manipulation of objects 
with the forelimbs, but not during automatic or simple 
reflexive behavior, such as licking, chewing, or face-washing 
[ 19]. In cat, hippocampal theta is more evident during REM 
sleep than during alertness. 

Initially, the septum was regarded as the pacemaker 
of theta rhythm, a nodal relay between the brainstem 
and hippocampus, which transforms the steady flow of 
impulses from the brainstem reticular (RE) core into 
rhythmic discharges transferred to the hippocampus [20]. 
The brainstem sites whose electrical stimulation induces 
hippocampal theta are found along the entire longitudi¬ 
nal extent of the reticular formation, as far caudal as the 
magnocellular nucleus in the medulla. The frequency and 
amplitude of theta waves increase by stimulating progres¬ 
sively rostral in the brainstem reticular core [21]. 
Brainstem reticular impulses reach the septum through the 
medial forebrain bundle. Septohippocampal neurons have 
been anatomically traced [22], antidromically-identified 
[23], and their cholinergic nature is well-established [24]. 

The mechanism of theta waves was first investigated 
intracellularly [25]. It was proposed that impulses of septal 
origin excite hippocampal pyramidal cells that display 
depolarization-hyperpolarization sequences related to the 
negative-positive phases of the extracellularly recorded 
theta. These authors considered the theta rhythm as mainly 
due to rhythmic EPSPs. The somatic hyperpolarizations 
were believed to result from the recurrent collateral activa¬ 
tion of local-circuit inhibitory cells following the rhythmic 
discharges of pyramidal neurons driven by septal afferents. 
A study of the relations between discharges of different 
types of CA1 and dentate gyrus neurons (pyramidal cells, 
granule cells, and interneurons) and focal waves in the 
behaving rat reached the conclusion that, in addition to 
the recurrent collateral pathway, hippocampal interneu¬ 
rons are driven directly from septal pacemaker neurons as 
well as from the entorhinal cortex [26]. The noncholiner- 
gic entorhinal input was required to explain the failure to 
eliminate hippocampal theta after atropine administra¬ 
tion. In fact, after lesions of the entorhinal cortex, atropine 
completely eliminates theta rhythm [27]. On the other 
hand, the direct access of septal cholinergic neurons to 
hippocampal interneurons is supported by anatomical 
evidence [28] and by the strong AChE activity coinciding 
with the distribution of the local-circuit cells in the stratum 
oriens, radiatum, and the hilus of the dentate gyrus [29]. 
As to the role played by the entorhinal cortex as a local gen¬ 
erator of theta waves, it was found that rhythmic discharges 
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origin of IPSPs in pyramidal 
neurons produced by the 
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lier (GABAergic) neurons. 
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(time-locked with theta waves) are fired by neurons located 
in layers II and III of this structure [30]. In fact, theta waves 
can probably be generated within multiple sites of the lim¬ 
bic system. Neurons recorded from the medial subdivision 
of mammillary bodies display spontaneous oscillations of 
the membrane potential sustaining rhythmic bursts of 
discharges; the basic mechanism of these oscillations is a 
Ca 2+ -dependent plateau potential [31], different from the 
Ca 2+ -dependent low-threshold spike (see Chapter 5). Thus, 
theta rhythm can no longer be viewed as exclusively gener¬ 
ated by a unique pacemaker, the septum, but by an interac¬ 
tion between coupled oscillators within the limbic system. 

Although some claimed that theta waves reflect EPSPs 
and presumably Ca 2+ -mediated slow spikes in CA1 and 
CA3 pyramids and concluded that IPSPs do not play an 
essential role in the genesis of the focal theta waves [32], 
the prevalent view is that IPSPs are major events in CA1 
pyramidal cells during theta activity [33]. It was also pro¬ 
posed that the sustained depolarization of pyramidal neu¬ 
rons during theta is due to a disinhibitory process which is 
in turn due to a septum-induced suppression of tonic inhi¬ 
bition arising in hippocampal local-circuit inhibitory 
interneurons [34]. In vivo intracellular recordings from 
distal dendrites of CA1 pyramidal neurons showed theta 
phase-locked Ca 2+ potentials (Fig. 7.2) [35]. 

There are reports indicating that theta waves recorded 
from the neocortex may result from hippocampal volume 
conduction. However, at least for the cingulate cortex, the 
intracortical generation of theta was suggested by neuronal 
firing at the theta frequency [36] and by persistence of 
theta rhythm (even with increased amplitude) after lesions 
of medial septum that produced abolition of hippocampal 
theta [37]. The origin of the cingulate theta in the absence 
of the septohippocampal and direct septomammillary sys¬ 
tems, which are generally thought to transmit theta waves 
to the cingulate cortex through a prior relay in the anterior 
thalamic nuclei, is not known. 

Because the main origin of EEG waves should be 
searched in the synchronized PSPs and simultaneous intra¬ 
cellular recordings from a great number of neurons are 
impossible at this time, computer simulations have been 
used to produce oscillations similar to those observed in 
living animals. Models of the CA3 area with 200-20,000 
pyramidal neurons (as well as bursting and non burs ting 
inhibitory cells were used) and pyramidal neurons were 
endowed with slow inward currents to produce sponta¬ 
neous spike bursts [38]. Such a system displays a highly 
organized rhythmic activity at the population level, while 
individual elements show chaotic firing. These synchro¬ 
nized activities are similar to those seen experimentally. 
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Intradendritic theta oscillation 



Figure 7.2* Voltage-dependent theta oscillation in pyramidal cell dendrites in vivo. A, continuous record¬ 
ing of extracellular (extra; CA1 pyramidal layer) and intradendritic (intra) activity in the rat. Holding 
potential was manually shifted to progressively more depolarized levels by intradendritic current injec¬ 
tion. Inset: location of the dendritic penetration. The recording electrode contained QX 314 to block 
fast (Na + ) spikes. Some of the high-threshold Ca 2+ spikes are marked by arrows. B, another dendritic 
recording without QX 314 (0.37 mm from pyramidal layer). Note large amplitude Ca 2+ spikes and small 
amplitude fast spikes. Modified from Kamondi et al (1998). 


Theta waves may be implicated in hippocampal 
plasticity, as suggested by optimal induction of long-term 
potentiation when the time interval between stimuli is 
approximately the period of theta rhythm [39]. 


7,1.4. Fast (Beta/Gamma) and Ultrafast 
(Ripple) Rhythms 

The first demonstration that the EEG activated 
response to brainstem reticular stimulation [40] is not only 
a negative event (namely, the blockage of low-frequency 
waves that characterize NREM sleep or most types of anes¬ 
thesia) but also includes the appearance of synchronized 
fast rhythms, belongs to Bremer and his colleagues [41]. 
They reported that a clear-cut enhancement in the ampli¬ 
tude of spontaneous rhythms and their regular acceleration 
to 40-45 Hz (“acceleration synchronisatrice ”) appeared on the 
cortical EEG of the cat with bulbospinal transection, simul¬ 
taneously with the ocular syndrome of arousal [42]. Since 
Bremer’s 1960 study, a series of studies in various cortical 


[39] Larson and Lynch 
(1986); Greenstein et al 
(1988). 

[40] Moruzzi and Magoun 
(1949). In that pioneering 
study, “activation” of the 
EEG only consisted of oblit¬ 
eration of slow waves. 

When present, fast activity 
had a low voltage and, dur¬ 
ing chloralose anesthesia, 
“fast activity was not 
elicited” (p. 456). 

[41] Bremer etal (1960). 
See legend of Fig. 5 in that 
article, showing an example 
of “ activation synchronisatrice 
et amplifiante de Vecorce 
ccrebmle. par la stimulation retie - 
ulaire de Veveil” Recordings 
were done from the primary 
auditory cortex and fast 
waves elicited by brainstem 
reticular stimulation were 
within the frequency of 
approximately 45 Hz. 




Figure 7.3. Fast (beta) rhythms during focused attention. Power spectra of EEG signals from dog visual 
cortex. Spectrum 1 was obtained while the awake animal kept its eyes closed and that in 2 when the ani¬ 
mal paid attention to a visual object. Alpha activity dominates in 1 and beta activity (peak around 26 Hz) 
dominates in 2. Modified from Lopes da Silva et al (1970). 


[42] The fact that brain 
arousal is associated with 
synchronization of fast waves 
in the beta (—15-30 Hz) 
and gamma (—30-60 Hz) 
band led us (Steriade et al, 
1996a) to postulate that the 
term “EEG desynchroniza¬ 
tion,” used by most epigones 
of Moruzzi and Magoun 
[40], is inadequate, and that 
the term cortical activation is 
more appropriate. It is 
known that, during brain¬ 
stem RE-elicited arousal, 
activation of neocortex 
(Bremer and Stoupel, 1959; 
Dumontand Dell, 1960) 
and visual thalamus 
(Steriade and Demetrescu, 
1960) was demonstrated by 
enhancement of potentials 
evoked by afferent stimuli. 

[43] Lopes da Silva et al 
(1970). 

[44] Murthy and Fetz (1992, 
1997a-b); Chen and Fetz 
(1993). 

[45] Freeman (1975). 

[46] Eckhorn etal (1988); 
Singer et al (1988); Gray 
et al (1989); Gray et al 
(1990); Engel et al (1990, 
1991). 

[47] Galambos et al 
(1981); Llinas and Ribary 
(1992). 

[48] Steriade etal (1968). 

[49] Singer (1990a). 

[50] Singer (1990b, 1993, 
1994). 

[51 ] Llinas and Ribary 
(1993). 


areas have reported the presence of20-40 Hz waves, during 
different conditions of increased alertness. The fast rhythms 
were observed in the occipital cortex while the dog paid 
intense attention to a visual stimulus [43] (Fig. 7.3); in mon¬ 
key, neocortical cells during motor tasks, such as retrieving 
raisins or requiring focused attention [44] (Fig. 7.4), and 
during behavioral immobility associated with an enhanced 
level of vigilance while the cat was watching a visible but 
unseizable mouse [12-14] (see above, Fig. 7.1B). Stimulus- 
dependent oscillations at 25-45 Hz of the focal EEG and/or 
neuronal firing have been described in the olfactory [45], 
visual [46], and auditory [47] cortices of animals and 
humans. It was also reported that brainstem reticular stimu¬ 
lation selectively enhances the oscillatory waves at 60-80 Hz 
that compose the afterdischarge of the flash-evoked response 
in the visual cortex [48] and facilitates the coherency of 40- 
Hz responses in visual cortical neurons [49]. The possible 
significance of this rhythm resides in the fact that, in addi¬ 
tion to the spatial mapping that allows a limited number of 
representations, a temporal component is brought about by 
synchronized oscillatory responses across spatially separate 
cortical columns. The cell assemblies link spatially distrib¬ 
uted elements and may be the bases for global and coherent 
properties of patterns, a prerequisite for scene segmenta¬ 
tion and figure-ground distinction [50]. 

The fast rhythms elicited by sensory stimuli are only 
the tip of the iceberg, as these oscillations are also present 
in the background (spontaneous) activity of the thalamus 
and cerebral cortex. Magnetoencephalographic (MEG) 
recordings in awake humans have revealed the presence 
of a 40-Hz oscillation over the entire cortical mantle and 
a synchronization of the 40-Hz activity by presentation of 
auditory stimuli with random frequencies [51] (Fig. 7.5). 
Beta (~15-30 Hz) and gamma (—30-60 Hz) activity does 
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Figure 7.4. Coherent 25-35 Hz oscillations in the sensorimotor 
cortex of an awake behaving monkey. Al, local field potentials 
(LFPs) and unit activity recorded at two nearby sites in the 
motor cortex of a monkey retrieving a raisin from a Kluver 
board. Upper and lower pairs of traces show LFPs and unit activ¬ 
ity from electrodes 1 and 2, respectively. A2, cycle-triggered aver¬ 
ages of LFPs and unit activity (sites in Al). B, LFPs from sites in 


the motor cortex separated by approximately 14 mm. Below, 
cycle-triggered averages of LFPs and units aligned on cycles in 
LFP-2. Abbreviations: SS, saggittal sinus; CS, central sulcus; IPS, 
intraparietal sulcus. C, oscillations in LFPs, extracellular multi¬ 
unit activity' (EC), and intracellular membrane potential (IC), all 
recorded simultaneously in the monkey motor cortex. Modified 
from Murthy and Fetz (1992) and Chen and Fetz (1993). 
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Figure 7.5. Fast (40-Hz) rhythm in magnetoencephalographic recordings from awake humans. Top: syn¬ 
chronization of 40-Hz oscillatory activity during auditory processing with seven single channels of one 
probe placed over lower frontal areas. The graph on the top right shows a superimposition of 40-Hz activi¬ 
ties, time-locked to the stimulus onset, recorded from the seven channels. The graph on the lower right 
shows an average of the seven individual channels, demonstrating synchronization over a large area 
(around 25 cm 2 ). Bottom: phase-shift of 40-Hz oscillatory activity during auditory processing. The time 
period between 20 and 80 ms after the onset of the auditory stimuli is enlarged in the lower panel. The 
lowest panel shows the superimposition of averaged responses from all sensors in each of the five probe 
positions (hatched and numbered at left). Note the large, consistent phase-shifts from region to region, 
indicating a continuous rostrocaudal shift over the hemisphere. Modified from Llinas and Ribary (1992). 
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not occur spontaneously only during wakefulness when 
information processing is expected to occur, but also 
during deep anesthesia and natural slow-wave sleep [52]. 
During the slow oscillation (~0.5-l Hz), a hallmark of 
natural slow-wave sleep and also a characteristic feature 
of ketamine-xylazine or some other anesthetics (see 
Section 7.3.3), fast (beta or gamma) activity appears over 
the depolarizing phase of this sleep oscillation, whereas 
this fast activity is absent during the hyperpolarizing phase 
of the slow oscillation. This is depicted in Fig. 7.6 for intra¬ 
cellular activity recorded under ketamine-xylazine anes¬ 
thesia, and is strikingly similar to the same correspondence 
during natural sleep [52]. Thus, fast rhythms are sustained 
during wakefulness and REM sleep, and are selectively 
occurring during the depolarizing phase of the slow oscil¬ 
lation in slow-wave sleep. The difference between the 
increased power of fast waves (15-50 Hz) throughout acti¬ 
vated periods, compared to epochs in which the slow oscil¬ 
lation is present only during its depolarizing component, 
is illustrated with intracellular and field potential recordings 
in Fig. 7.7. 

The voltage (depolarization) -dependent occurrence 
of fast oscillations was demonstrated for both neocortical 
and thalamic neurons, recorded in vitro and in vivo. Fast 
oscillations have been recorded in cortical slices upon 
depolarizing current pulses in sparsely spinous, presum¬ 
ably inhibitory local-circuit cells located in layer IV [53] 
(Fig. 7.8) and other types of neocortical neurons [54]. 
Similar types of fast oscillatory activity were recorded 
in vivo , from antidromically identified corticothalamic and 
callosal neurons in the association cortex [55]. A peculiar 
type of cortical neurons, discharging fast-rhythmic 
(20-60 Hz) spike-bursts, therefore called fast-rhythmic¬ 
bursting (FRB) neurons, was recorded from the superficial 
layers of visual cortex [56] as well as from all layers II-VI in 
a variety of other (sensory, motor and association) areas 
[57]. Some of these neurons, located in layers V-VI, are 
corticothalamic and can, therefore, bind the fast cortical 
oscillatory activity with the thalamically generated one (see 
below). Figure 7.9 illustrates such FRB neurons, bursting at 
frequencies from 30 to 80 Hz, recorded from somatosen¬ 
sory and association cortical areas. Intracellularly recorded 
TC neurons also oscillate at fast frequencies (~30-40 Hz), 
firing single-spikes (Fig. 7.10) or spike-bursts during states 
of depolarization [58]. 

The demonstration that both cortical and thalamic 
neurons oscillate at fast frequencies leads to the discussion 
of the origin and synchronization of this rhythm. Initially, 
only intracortical connections have been considered in 
the synchronization process of fast oscillations in the visual 


[52] Steriade et al (1996a). 
See Fig. 14 in that paper for 
relations between fast oscil¬ 
lations and the depth¬ 
negative phase of the slow 
oscillation (reflecting 
depolarizing events in a 
pool of neurons) during 
natural slow-wave sleep. 

[53] Llinas et al. (1991). 

[54] Amitai (1994); 
Gutfreund etal (1995). 

[55] Nunezs al (1992b). 

[56] Gray and McCormick 
(1996). 

[57] Steriade etal (1996a); 
Steriade (1997a); Steriade 
et al (1998a). FRB neurons, 
as called in our studies, were 
also termed “chattering” 
cells and their firing pattern 
recorded from superficial 
layers of the visual cortex 
was exclusively described as 
consisting of fast spike- 
bursts [56]. However, in our 
hands, the firing pattern of 
a regular-spiking (RS) neu¬ 
ron could change, with 
increased depolarization, 
into that of an FRB neuron 
that with further depolariza¬ 
tion was transformed into 
the firing pattern of an FS 
cell (see Section 5.6.1 and 
Fig. 5.36 in Chapter 5). Such 
a transformation, from RS 
to FRB and FS patterns, was 
observed in antidromically 
identified corticothalamic 
neurons as well as in 
formally identified, intracel¬ 
lularly stained local-circuit, 
sparsely spiny neurons 
(Steriade etal , 1998a). 

[58] Steriade etal (1991b, 
1993c). In the 1993 paper, 
we reported the presence 
of special type of neurons, 
recorded from the large¬ 
cell part of the thalamic 
intralaminar CL nucleus, 
which upon depolarizing 
pulses from the resting 
membrane potential trig¬ 
gered fast oscillations 
(30-40 Hz) crowned by 
short spike-bursts with 
unusually high 
(800-1,000 Hz) frequencies 
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Figure 7.6. Fast (40-50 Hz) oscillations during the depolarizing phase of the slow oscillation. Cat under 
ketamine-xylazine anesthesia. A, strikingly reduced synaptic activity during the prolonged hyperpolar¬ 
izations phases of the slow oscillation associated with depth-positive EEG waves (upward deflections) and 
increased synaptic activity during the fast activity (40-50 Hz) that follows the sharp depth-negative EEG 
deflection (part marked by horizontal bar is expanded below; arrow). B, differential responses to depo¬ 
larizing and hyperpolarizing current pulses (1 nA) applied during the prolonged hyperpolarization of 
the spontaneously occurring slow oscillation (1) and during periods with increased synaptic activities (2). 
From Steriade et al (1996a). 


(see Fig. 5 in Steriade et al, 
1993c). 

[59] Gray et al (1989). The 
role of thalamic neurons 
was denied by these authors 
because they thought that 
collaterals of TC axons did 
not span sufficiently long 


cortex [59]. However, the proportion of oscillatory 
responses in neurons recorded from the visual thalamic 
relay (lateral geniculate, LG) nucleus is higher than in the 
visual cortex, and the frequency of oscillation is also 
higher [60] (Fig. 7.11). It seems that the general rule is 
an increased frequencies of fast oscillations from cortex 
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Figure 7.7. Increased power of fast waves (15-50 Hz, peak 
around 35 Hz) during spontaneous epoch of EEG activation 
associated with sustained depolarization of cortical neuron. Cat 
under ketamine-xylazine anesthesia. A, multisite recording of 
surface- and depth-EEG from area 5, extracellular unit activity 
and local field potentials (through the same microelectrode) 
from area 5, and intracellular activity of area 7 neuron. Parts 1 
(during slow sleep oscillation) and 2 (onset of shortly activated 
epoch) are expanded below, depicting EEG waves filtered 
between 15 Hz and 50 Hz, extracellular discharges of area 5 
neuron, and intracellular activity of area 7 neuron. In 2, note 
sustained depolarization of area 7 neuron (dotted line 


tentatively indicates the baseline) and in-phase fast EEG waves 
recorded from the surface and depth of area 5 (see also Fig. 5 in 
that paper for the in-phase relations between surface and depth 
fast waves; also, see such data in Steriade and Amzica, 1996). 
B, surfaces of fast-Fourier transforms (FFTs) from area 5 EEG 
waves (filtered between 15 and 50 Hz) in a control period 
before activation (a), during activation (b), and during a postac¬ 
tivation period (c). The power spectrum in the 15-50 Hz band 
(peak around 35 Hz) was enhanced by 93%, compared with the 
preactivation period, because of the absence of prolonged 
hyperpolarization phases of the slow oscillation. From Steriade 
elal (1996a). 


(30-40; but see below) to thalamic relays (50-60 Hz) and, 
down to prethalamic stations, such as retina [61] and 
cerebellum [62] where frequencies may reach 100 Hz or 
above. The decreased frequencies of fast oscillations by 
passing from prethalamic to thalamic and cortical neurons 
may be ascribed to increased inhibitory processes, but this 
is not yet elucidated. In fact, some studies demonstrated 


distances in cortex to 
account for coherent 
rhythmicity in distant 
columns of visual cortex. 
[60] Ghose and Freeman 
(1992). A modeling study 
of the same authors (Ghose 
and Freeman, 1997), in the 
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Figure 7.8. In vitro intracellular recording from a sparsely spinous neuron in layer IV of the frontal cortex 
of a guinea-pig. A, the characteristic response obtained in the cell following direct depolarization, consist¬ 
ing of a sustained subthreshold activity on which single spikes can be observed. The intrinsic oscillatory 
frequency was 42 Hz, as demonstrated by the autocorrelogram shown in the upper right corner. B, the 
same record as above, but at a slower speed, demonstrating how the response outlasts the first stimulus but 
comes to an abrupt cessation in the middle of a second stimulus. Modified from Llinas et al. (1991). 


absence of intracortical 
connections, led to the con¬ 
clusion that oscillatory dis¬ 
charges around 50 Hz can 
arise from the integration 
of signals within the LG 
nucleus. Fast oscillations in 
the visual thalamus, elicited 
by photic stimuli, have been 
repeatedly reported in the 
past (Fuster et al. y 1965; 
Steriade, 1968, 1969). 

Intracellular recordings of 
LG neurons demonstrate 
fast prepotentials and full 
action potentials with a 
frequency of 40-50 Hz 
during light stimulation— 
an effect that was virtually 
obliterated after inactiva¬ 
tion of retinal cells with 


that the magic “40-Hz” frequency of oscillating neocortical 
neurons might be as low as that of beta or even alpha band 
(10-20 Hz). Indeed, oscillations at 7-20 Hz were observed 
in an overwhelming majority (93%) of neurons, using 
intracellular recordings from primary visual area 17, thus 
precluding the possibility that some subthreshold intracel¬ 
lular events were not accounted for in the frequency [63]. 
Also, the frequency of synchronized fast oscillations in 
nonhuman primate and human motor cortex and hand 
electromyogram during performance of tasks is about 
10-15 to 20 Hz [64]. 

The fact that thalamic and neocortical neurons oscil¬ 
late in-phase during fast, so-called beta and/or gamma 
[65], activities was documented by simultaneous intracel¬ 
lular and field potential recordings from thalamus and 
projection neocortical areas showing that action potentials 
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Figure 7.9. Fast rhythmic spike-bursts elicited in neocortical 
neurons by depolarizing current pulses. Cats under ketamine- 
xylazine anesthesia. A, neuron at a depth of 0.4 mm in ante¬ 
rior suprasylvian area 5. Depolarizing current pulses of 
600 ms, 0.5 nA in a-d, and 0.2 nA in the bottom three traces. 
At right, expanded traces of a-d. Note, in a-d, spike-doublets 
and triplets (interspike intervals: 4 ms) recurring at approxi¬ 
mately 30 Hz. B, neuron at a depth of 0.8 mm in the primary 
somatosensory cortex. Depolarizing current pulses (duration 




20 ms 


60 ms) with increasing amplitudes (0.7, 0.8, and 1 nA) 
applied at the same membrane potential. Pulses of 0.8 and 
1 nA elicited spike-doublets at 50-80 Hz. C, neuron at a 
depth of 0.5 mm in the primary somatosensory cortex. 
Depolarizing current pulses (duration 100 ms) with increas¬ 
ing intensities (0.6, 0.7, and 1.1 nA) at the same membrane 
potential. Pulses of 0.7 and 1.1 nA elicited three to four 
spike-doublets at approximately 40 Hz. From Steriade et at 
(1996a). 


of the TC neuron are fired in good time-relations with the 
depth-negative cortical field potentials reflecting excita¬ 
tory events in cortical neuronal pools (Fig. 7.12A). This 
figure also shows the fast coherent activity, over short 


lidocaine (Nunez et at , 
1992c). 

[61] See Figs. 11-12 in 
Steriade (1968). 
Synchronization of retinal 
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Figure 7.10. Fast (-30 Hz) oscillation of intracellularly or two asterisks are expanded below. Below, autocorrelogram 
recorded thalamic centrolateral (CL) neuron, from for the dor- (AUTO) computed from tonic (interspindle) epochs (2-ms 

solateral, large-cell part of the nucleus. Cat under barbiturate bins); and interspike interval histogram (ISIH) computed from 

anesthesia. Uppermost trace depicts transition from spindle both spindling and tonic epochs (0.5-ms bins). AUTO and ISIH 

oscillation to the tonic (depolarized) firing mode, thereafter were generated from a period of 145 s. From Steriade et al 

followed by another spindle sequence. Parts indicated by one (1993c). 


and visual thalamic 
neurons within the 
frequency of fast rhythms 
was also reported by 
Neuenschwander and 
Singer (1996). Retinal 
ganglion and amacrine cells 


distances, within the association cortex (Fig. 7.12B) and 
the act that fast oscillatory activities in intracellularly 
recorded cortical neurons exclusively occur over the depo¬ 
larizing phase of the slow sleep oscillation, thus demon¬ 
strating their voltage-dependency (Fig. 7.12C). 

Beyond the usual fast frequencies (20-80 Hz) that are 
superimposed on the depolarizing phase of slow sleep 
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Figure 7.11. Fast oscillatory responses in the thalamic lateral geniculate (LG) and visual cortical 
responses. Cats under anesthesia. A, autocorrelograms and power spectra corresponding to a nonoscilla- 
tory visual cortex complex cell (1) and a strongly oscillatory LG neuron (2). Autocorrelogram are 
reflected to span intervals from -256 to + 256 ms before the Fourier transform. For the cell in 1, a 
smooth correlogram based on 25,787 spikes accumulated during reverse correlation stimulation yields a 
power spectrum whose sole peak is 0 Hz. This indicates that the 0-Hz frequency is dominant in the spike 
train. By contrast, the cell shown in 2 exhibits very rhythmic discharge. The power spectrum of this dis¬ 
charge (which contains 3,800 spikes) shows a distinguishable peak at 53 Hz. B, signal-to-noise ratios and 
frequencies of oscillatory discharge are summarized according to cell type. Of the LG cells studied, 10 of 
59 showed stable oscillatory discharge that was stimulus independent. This group of cells, seen in the top 
right corner, has signal-to-noise ratios that are an order of magnitude larger than those typically seen 
over brief periods of time with cortical cells. See further details in that paper. Modified from Ghose and 
Freeman (1992). 
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Figure 7.12. Activation and fast rhythms of neocortical and 
thalamic electrical activity. Cats under ketamine-xylazine anes¬ 
thesia. A, during a brief period of EEG activation, fast rhythms 
(—40 Hz) are synchronous in an intracellularly recorded thala¬ 
mocortical (TC) neuron from the ventrolateral (VL) nucleus 
(spikes truncated) and negative peaks of depth-EEG are 
recorded from the depth of area 4. Cross-correlogram between 
cortex and VL thalamus shows a clear-cut relation, with opposi¬ 
tion of phase between depth-negative EEG and intracellular 
potentials in the TC cell. B, EEG activation induced by a pulse- 
train (300 Hz) applied to the PPT nucleus. Disruption of the 
slow sleep-like oscillation was associated with the appearance 


of fast activity whose amplitude exceeded that of fast waves dur¬ 
ing sleep-like patterns (not shown). Numbers of recorded cor¬ 
tical foci (1 to 5) correspond to those indicated on the 
suprasylvian gyrus (areas 5 and 7) of the brain figurine. Cross¬ 
correlations between different leads demonstrate synchroniza¬ 
tion of fast rhythms. C, slow sleep-like oscillation (0.7 Hz) in an 
intracellularly recorded neuron from cortical area 3, and EEG 
from the same area. Both intracellular and EEG activities were 
filtered between 10 and 100 Hz (two top traces). Note fast 
activity (—30-40 Hz) during the depolarizing phase of the slow 
oscillation and coherent activity between cell and field EEG 
potentials. Modified from Steriade etal (1996a-b). 
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oscillation, ultra-fast oscillations (80-200 Hz), termed rip¬ 
ples, are selectively related to the cortical depth-negative 
field potentials (reflecting depolarization in neuronal 
pools) of the slow oscillation, and also during the sustained 
depolarization of neurons in natural waking and REM 
sleep [66]. Similar oscillations are found during anesthesia, 
behavioral immobility, and natural sleep in GA1 hippocam¬ 
pal area and perirhinal cortex [67]. Multisite recordings of 
field potentials in neocortex showed grouped ripples in 
spindle-shaped sequences (see filtered traces in Fig. 7.13). 
Since the slow oscillation shows coherence across different 
areas of the cortex [68] (see below, Section 7.2.3), ripples 
had also a tendency to appear at about the same time in dif¬ 
ferent cortical sites. Correlations between ripples from dis¬ 
tant sites were restricted to the same gyrus (Fig. 7.13). 

Intracellular recordings of the four electrophysiological 
neuronal types of neocortex (see Chapter 5, Section 5.6.1) 
revealed that FRB and fast-spiking (FS) neurons displayed 
the highest firing rates during ripples (Fig. 7.14). In FRB 
neurons, compound EPSPs have a structure consistent with 
their being produced by the signature bursts from another 
FRB neuron [56, 57] so that a network of interconnected 
FRB neurons could mutually reinforce each other’s excita¬ 
tion, and thus help sustain the excitation level concurrent 
with field ripples. 

As to the functional role of ripples, it has been postu¬ 
lated that hippocampal ripples constitute a replay at a 
faster time-scale of firing sequences coding for important 
events so that they can be encoded in a more permanent 
manner [69]. The possible involvement of ripples in plas¬ 
ticity processes is consistent with a role of slow-wave sleep 
in the consolidation of memory traces [70], as ripples 
reach their strongest amplitudes during slow-wave sleep. 
These periods of higher activities and ripples in a state 
during which the neocortex is disconnected from the out¬ 
side world might be relevant for synaptic reorganizations 
involved in memory processes. 

In sum, fast and ultra-fast activities are not exclusively 
related to brain-active behavioral states, waking, and 
REM sleep, because they are dependent on neuronal 
depolarization and, thus, also occur over the depolarizing 
phase of the slow oscillation in non-REM sleep. 


may oscillate up to 100 Hz 
(Adrian, 1937). 

[62] Timofeev and Steriade 
(1997). 

[63] Bringuier etal (1997). 

[64] Sanes and Donoghue 
(1993); Baker et al (1997); 
Farmer (1998). 

[65] We do not see any 
convincing reason to 
dissociate beta from 
gamma activities since the 
neurons may double the 
frequency of fast oscillation 
in periods as short as 
0.5-1 s, as a function of 
increased depolarization 
(Steriade et al , 1996a). 

EEC recordings during the 
sleep-wake cycle and 
cognitive activity in humans 
also showed that beta and 
gamma activities may 
fluctuate simultaneously 
(Gross and Gotman, 1999). 

[66] Grenier ^al (2001). 

[67] Ylinen etal (1995); 
Chrobak and Buzsaki 
(1997); Csicsvari etal 
(1998, 1999); Collins etal 
(1999). 

[68] Amzicaand Steriade 
(1995a-b). 


[69] Nadasdy etal (1999). 

[70] Steriade (2001a). 
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Figure 7.13. Ripples are more strongly correlated among sites along the same gyrus than among different 
gyri. Cat under ketamine-xylazine anesthesia. Depth field potential recordings with an array of eight 
electrodes, separated by 1.5 mm, and aligned along the anteroposterior axis over the suprasylvian gyrus 
or the mediolateral axis, covering the medial, suprasylvian, and ectosylvian gyrus (see brain figurine). An 
epoch of the slow oscillation is shown in left middle panels. The traces of the same epoch were filtered 
between 80 and 200 Hz (bottom left panels). Wave-triggered averages (WTAs) from sites 2, 4, and 6 were 
calculated for all leads and for both electrode placement and are shown at right Note that correlation is 
stronger for recordings from the same gyrus. From Grenier et al (2001). 




EEG 

v\J\AAA^ 1 

aAt^WW 3 v^^YrVrYY 1 

4 vA^^yvYV" 

HJVyVW 6 

Ars/WVA/A>^ 7 '^V^vV 

^vVAAyn 8 v^/VV^V^ 
Filtered 80-200 Hz 


4-ft- A *t Lit 4 ju^.jLj^ m. ^ jk.^ 

w T* r f T* iIT H V *P ft P? 

t t y 1 p “ “ 3 

JLft|bMJhN«^Lk^iiteaJUyub c -jj., ^ jj. A lw. it.... 

’" r '!*'■ O 

X*—Afc-jfllWlfc. -7 jlL . uA OIL... J*,. 

™ t T - y f * 

Ml 4; ft fti 1|; :: iLft q in- JL. X Jl.Ai -- 

"irTrlffT o 


Same gyrus Three different gyri 

WTAs 




ms ms 











Depth - EEG 
area 7 


ftHfi f 1 . m* < .. •* * »' " Hfi 




time (ms) 


Figure 7.14. Fast-spiking (FS) cortical neurons fire in phase with ripples. Cat under ketamine-xylazine 
anesthesia. Intracellular and depth-field potential recordings from area 7. Top panel illustrates an epoch 
with the slow oscillation. The neuron was an FS neuron, identified by responses to depolarizing current 
pulses. Below the field trace, a filtered trace (80-200 Hz) is also shown. Part indicated by horizontal bar 
and arrow is expanded below. A peri-event histogram of the neuron firing in relation to ripple depth¬ 
negative peak is shown at right, revealing that the neuron fired preferentially around 2.5 ms before the 
depth-negative peak of ripples. From Grenier et al (2001). 


7.2. Low-Frequency Rhythms during 
Non- RE M Sleep 


As conventionally described, three major rhythms char¬ 
acterize slow-wave (non-REM) sleep: spindles (7-15 Hz), 
delta waves (1-4Hz), and slow oscillations (mainly 
0.5-1 Hz). Each of these activities stems from distinct 
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neuronal networks and is generated by interplay among 
different synaptic mechanisms and/or voltage-gated cur¬ 
rents. Although any of these sleep rhythms may be recorded 
in the thalamus or neocortex after complete disconnection 
of these structures, in the intact brain they are all coalesced 
because of reciprocal (thalamocorticothalamic) loops. This 
is mainly due to the virtue of the cortically generated slow 
oscillation that impinges upon the thalamus and triggers 
complex wave-sequences including all three types of rhyth¬ 
mic patterns within one oscillatory cycle (see Section 7.2.3). 
It is then obvious why cellular studies of sleep rhythms, simi¬ 
lar to those occurring in natural life, require investigations 
in brains with not only intact connectivity of corticothalamic 
systems but also with the presence of generalized activating 
systems whose absence or presence may decisively impact 
on the occurrence and normal configuration of sleep 
oscillations. 
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7,2.1. Spindles 


7.2.1.1. Chronology of Spindles and Other 
NREM Sleep Rhythms 


[71] Steriade and Amzica 
(1998). See Fig. 3 in that 
paper, showing more 
pronounced spindles at the 
end of deep NREM sleep. 


The wake-to-sleep transition is marked by repeated 
transitions between an activated, low-frequency and fast, 
electrical pattern and short sequences of low-frequency 
synchronized waves. This transitional period between wak¬ 
ing and sleep is termed WS in Fig. 7.15A1, and is mainly 
characterized by the appearance of spindle sequences. 
Thereafter, EEG grapho-elements during NREM sleep 
become more complex. We can distinguish a light and a 
deep slow-wave sleep in cats, which correspond to sleep 
stage 2 and stages 3-4 in man. During light sleep as well as 
during stage 2 sleep in humans, spindles (7-15 Hz) are 
coalesced with the slow oscillation (0.5-1 Hz). During light 
sleep, every cycle of the slow oscillation generally leads to a 
sequence of spindle waves, on one, another, or all cortical 
leads [71]. As will be shown in Section 7.2.3, this is due to 
the synaptic engagement of thalamic neurons implicated 
in spindle genesis. Notably, though deep sleep displays less 
spindles, toward the end of deep sleep, just before EEG 
activation occurs in REM sleep, spindles recover their 
power as during the initial stages of NREM sleep [71]. This 
can be explained by the voltage-dependency of sleep 
rhythms in TC cells. Indeed, at the single-cell level, spindles 
occur at the resting membrane potential of TC neurons, 
whereas at more hyperpolarized levels, spindles are pro¬ 
gressively replaced by intrinsically generated, clock-like 
delta potentials (see Section 7.2.2). These intracellular 
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Figure 7.15. Electrographic signs of transition from behavioral states of wakefulness (W) to slow-wave 
sleep (S) in a chronically implanted cat. Al, EEG waves from the surface of anterior precruciate area, eye 
movements (electro-oculogram, EOG) and electromyogram (EMG) of neck muscles. Transition from W 
to S through an intermediate stage (WS) period during which spindles appear. A2, short period of EEG 
synchronization including spindles (between arrows) within the steady-state of waking. B, normalized 
amplitudes (ordinate) of cortical spindle waves (line-circle trace, CSP, filtered to 7-14 Hz) and cortical 
slow as well as delta waves (filtered together to 0.5—4 Hz). Abscissa indicates real time. Note slowly recur¬ 
ring, rhythmic sequences of spindles (arrows), with periods of 8-10 s, beginning with the transitional WS 
period, and increased amplitudes of both spindles and slow/delta waves, beginning with S. Modified 
from Steriade et al (1982a, 1986). 


data from anesthetized preparation found support in 
results obtained in naturally sleeping animals and humans, 
showing that thalamic spindles are maximal at sleep onset 
and decrease thereafter, whereas thalamic delta waves 
increase gradually during NREM sleep. Thus, with increas¬ 
ing hyperpolarization of TC cells during NREM sleep, due 
to the progressive diminished firing rates of brainstem- 
thalamic reticular activating cells, the incidence and ampli¬ 
tude of spindles are largely diminished during deep sleep 
stages. On the other hand, the reappearance of spindles 
toward the end of resting sleep is attributable to a relative 
depolarization of TC cells, due to the increased firing rates 
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[72] Steriade et al (1982a, 
1990a). 


[73] Morison and Bassett 
(1945). 


[74] Steriade and 
Deschenes (1984, 1988). 

[75] Reviewed in Destexhe 
and Sejnowski (2001). 


[76] Domich et al (1986). 

[77] Steriade etal (1986). 


[78] Contreras and 
Steriade (1996). 


[79] Von Krosigk et al 
(1993). 


[80] Kim and McCormick 
(1998). The depolarizing 
plateau of spindle 
sequences in thalamic retic¬ 
ular (PG) neurons was 
blocked by tetrodotoxin, 
suggesting that it is 
mediated by a persistent 
Na + current. 


of brainstem-thalamic reticular neurons that display pre¬ 
cursor increased rates of spontaneous firing, 30-60 s 
before the onset of REM sleep [72]. 

7.2.1.2. Cellular Basis of Spindles 

Spindles are generated within the thalamus even in 
the absence of the cerebral cortex [73] although the neo¬ 
cortex has a decisive role in the induction and widespread 
synchronization of this sleep oscillation (see below). 
Briefly (Fig. 7.16), thalamic reticular GABAergic neurons 
impose spike-bursts in the frequency range of spindles 
onto TC neurons, which display rhythmic IPSPs that, when 
large and long enough, succeed in de-inactivating the 
Ca 2+ -dependent current (7 X ), which produces a low- 
threshold spike (LTS) crowned by high-frequency bursts 
consisting of fast, Na + -mediated action potentials. These 
spike-bursts are transferred to cortical neurons, where 
they elicit EPSPs, occasionally leading to action potentials. 
This mechanism, discovered in vivo [74], was repeatedly 
confirmed in subsequent experimental and modeling 
studies [75]. 

Several differences distinguish the spindle-related 
spike-bursts in reticular and target TC neurons, as follows. 
These differences also relate to some dissimilarity between 
the results from in vivo and in vitro experiments. 

(a) During natural NREM sleep as well as during anes¬ 
thetic states, reticular neurons fire long bursts, approxi¬ 
mately 50 ms and even longer when considering the 
prolonged tail of tonic discharges that follow the high-fre¬ 
quency bursts, whereas TC neurons fire much shorter 
spike-bursts, approximately 5-15 ms [76, 77]. 

(b) The spike-bursts in reticular neurons, often fol¬ 
lowed by a prolonged tail of discharges, are superimposed 
on a depolarizing plateau that was recorded in vivo (Figs. 
7.16 and 7.17) [74, 78] but was absent in initial experi¬ 
ments performed in vitro , a condition under which reticu¬ 
lar cells underwent a progressive hyperpolarization during 
spindle sequences [79]. This difference between the results 
in vivo and the initial experiments in vitro may be explained 
by several factors, among them the fact that thalamic slices 
are deprived of brainstem modulatory systems and corti¬ 
cothalamic depolarizing inputs. Subsequent work in thala¬ 
mic slices [80] has succeeded in revealing the depolarizing 
plateau during spindle sequences, at membrane potentials 
closer to those recorded in vivo, thus confirming the results 
on reticular neurons from intact-brain preparations. It must 
be emphasized that the prolonged depolarizing plateau 
described in vivo cannot be ascribed to deterioration of 
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Figure 7.16. Spindle oscillations in thalamic reticular (RE), thalamocortical (Th-Cx, ventrolateral 
nucleus), and cortical (Cx, motor area) neurons. A, circuit of three neuronal types. B, two rhythms 
(7-14 Hz and 0.1-0.2Hz) of spindle oscillations in cortical EEG. C, one EEC spindle sequence is 
depicted below with intracellular recordings in cats under barbiturate anesthesia. See text. Modified 
from Steriade and Deschenes (1988). 

membrane potential because the same prolonged train of 
action potentials was recorded extracellularly, during natu¬ 
ral NREM sleep [77], in a position that precludes modifica¬ 
tions due to impalement. The voltage-dependency of the 
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Figure 7.17. Voltage dependency of spindle oscillations in rostral thalamic reticular (RE) neurons. Cat 
under barbiturate anesthesia. Three panels are depicted (A-C), at different membrane potentials. The 
cell was depolarized (—58 mV; A) or hyperpolarized (—84 mV; C) from the resting level ( — 76 mV; B) by 
means of current injection through the micropipette (in B, no current). The cell displayed spontaneous 
spindle oscillations (at left in each trace, S in the upper trace) and spindles evoked by cortical stimulation 
(at right in each trace, arrowhead). Expanded details of the beginning of evoked spindles are depicted 
below at right (indicated by the arrow in A). From Contreras and Steriade (1996). 


Reticular-cells’ depolarizing plateau during spindles is illus¬ 
trated in Fig. 7.17 showing increased amplitude of this 
plateau at more hyperpolarized levels of the membrane 
potential [78]. This behavior applies to both spontaneously 
occurring and cortically evoked spindles. 
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(c) In contrast to reticular neurons, TC neurons dis¬ 
play a hyperpolarizing envelope during spindles and, at 
depolarized levels from rest, TC neurons exhibit rhythmic 
IPSPs that do not succeed in de-inactivating spike-bursts 
(Fig. 7.18). When they do, at more hyperpolarized levels 
at which I T is de-in activated, only some spike-bursts are 
fired throughout a spindle sequence (see Figs. 7.16 and 
7.18), which contrasts with reticular neurons that dis¬ 
charge spike-bursts almost continuously during spindles 
(see Figs. 7.16 and 7.17). Only one class of TC neurons, 
recorded from the dorsolateral, large-cell part of the ros¬ 
tral intralaminar CL nucleus, display the propensity to fire 
spike-bursts after virtually all spindle-related IPSPs 

(Fig. 7.19) [81]. The ability of these peculiarly bursting [81] Steriade etal. (1993c). 
neurons to fire a spike-burst after each IPSP is due to the 
short refractory period (less than 65 ms) of their LTS, 
whereas other TC neurons show LTS’ refractoriness for 




Figure 7.18. Changes in spindle-related rhythmic burst firing of thalamocortical neurons with alterations 
in the membrane potential. Cat under barbiturate anesthesia. At the resting membrane potential 
( — 70 mV), six spike-bursts were fired during the spindle sequence (burst with asterisk is expanded at 
right). Upon DC depolarization (0.5 nA), at —58 mV, no spike-burst was fired during the spindle 
sequence. Modified from Steriade (1993) and unpublished data. 
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Figure 7.19. Tonic and burst firing of an intracellularly recorded thalamic centrolateral (CL) TC neuron 
in barbiturate-anesthetized cat. A, tonic firing followed by spontaneously occurring spindle oscillation. 
Parts a-c are expanded below. Note exceedingly high intraburst frequency of action potentials (800 Hz). 
Membrane potential was -55 mV during tonic firing and —75 mV at the trough of spindle-related hyper¬ 
polarizations. Spike-bursts ride on low-threshold spikes (LTSs) following virtually all IPSPs. B, a sequence 
of 3 rebound bursts followed by a depolarizing current pulse to show the unusually short (65 ms) refrac¬ 
tory phase of the LTS. From Steriade et al (1993c). 


170-200 ms (see Chapter 5, Section 5.5.1.1). The wide¬ 
spread projections of CL neurons over the neocortex 
make them well-suited for the distribution of thalamically 
generated spindles over the cortical mantle. 
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7.2.1.3. The Pacemaking Role of Thalamic Reticular 
Neurons in Spindle Genesis 

Since the 1980s, evidence has been accumulated 
demonstrating that reticular neurons are pacemakers of 
spindle oscillations. It was first shown that some thalamic 
nuclei are devoid of afferents from reticular nucleus of cat, 
the species of choice to study spindles. The nuclei deprived 
from reticular inputs are the anterior complex (interposed 
in the limbic circuit between the hippocampus and the an¬ 
gular cortex) and the lateral habenular nucleus [82]. This [82] Steriade etal (1984a); 
connectional feature has a physiological counterpart: spin- Velayos et al (1989). 
dling is absent in anterior thalamic nuclei (Fig. 7.20) [83], in [83] Pare et al. (1987). 



Figure 7.20. Anterior thalamic (AT) nuclei of cat are devoid of afferences from the reticular (RE) 
nucleus and, despite the fact that the intrinsic property of low-threshold spike (LTS) is present in AT neu¬ 
rons, they do not display spindles because of absence of synaptic connections from the pacemaking retic¬ 
ular nucleus. Left diagram summarizes the reticular projections to various dorsal thalamic nuclei, as 
resulting from retrograde tracing experiments in cats. Heavy lines indicate prominent projections to 
intralaminar nuclei. Note absence of projections to AT nuclei. Abbreviations are as follows: AD, AM, and 
AV, anterodorsal, anteromedial, and anteroventral nuclei; OA, caudate nucleus; CL-PC, centrolateral 
and paracentral (rostral intralaminar) nuclei; CM-PF, centro median-parafascicular (caudal intralami¬ 
nar) nuclei; LP, lateroposterior nucleus; MD, mediodorsal nucleus; PARA, paraventricular nucleus; VA, 
ventroanterior nucleus; VL, ventrolateral nucleus; VM, ventromedial nucleus; VB, ventrobasal complex; 
reticular, reticular nucleus; V3, third ventricle. Right part depicts simultaneous recordings of field poten¬ 
tials (filtered for spindles, Sp ., between 7 and 14 Hz) from CL and AV nuclei in cat. Unanesthetized 
cerveau hole (collicular-transected) preparation. Abscissa indicate real time (hr, min, s). Data were 
obtained by applying each filtered EEC signal (see above CL trace, filtered EEC spindles, the first 
sequence corresponding to the one depicted below) to a full-wave rectifier, a voltage controlled oscilla¬ 
tor, and to a laboratory computer (see technical details in that paper). Note regularly recurring spindle 
sequences in CL nucleus and absence of spindles in the AV nucleus. Below, intracellular recording of an 
AT neuron, showing tonic firing at a relatively depolarized V m (-60 mV), LTSs crowned by spike-bursts 
under steady hyperpolarization when the V m reaches -72 mV, and recovery of tonic firing at -60 mV. 
Modified from Steriade et al (1984a) and Pare et al (1987). 
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[84] Leung and Borst 
(1987). 

[85] Wilcox et al (1988). 


[86] Steriade etal (1985). 

[87] Steriade etal (1987a). 

[88] Wang and Rinzel 
(1993); Destexhe et al 
(1994a); Golomb et al. 
(1994). See also the recent 
monograph [75] with 
emphasis on 

computational studies of 
spindle oscillations and 
related phenomena. 

[89] Thomson (1988a-b). 


[90] Ba l etal (1995a-b). 


the projection areas of the cingular cortex [84], as well as 
in habenular neurons [85]. All these structures, devoid of 
reticular afferences, but part of circuits comprising the 
septum, hippocampus, and entorhinal cortex, display 
theta rhythmicity that globally characterizes the limbic sys¬ 
tem. These data emphasize that dorsal (cortically project¬ 
ing) thalamic nuclei require connections from the 
reticular nuclear complex to generate spindles and also 
show that activities in synaptic networks, rather than intrin¬ 
sic properties, generate spindles. As will be shown below 
(Section 7.2.2.1), another NREM sleep oscillations, clock¬ 
like delta waves, exclusively rely on an interplay between 
intrinsic currents of TC cells, although their synchroniza¬ 
tion also require long-range synaptic activities. 

The pacemaking role of the reticular nucleus was 
demonstrated by two major pieces of evidence: (a) spindles 
disappear in TC systems after disconnection from reticular 
neurons, and spindle-related long-lasting hyperpolarizations 
are replaced after disconnection from reticular nucleus by 
short-lasting IPSPs generated by local interneurons 
(Fig. 7.21) [86]; and (b) spindles are preserved within the 
reticular nucleus disconnected from the remaining thalamus 
and cerebral cortex (Fig. 7.22) [87]. These experimental 
data were corroborated in different types of computational 
models of isolated reticular neurons, which displayed oscilla¬ 
tions within the frequency range of spindles [88]. 

The concept of causal relations between rhythmic 
bursts of GABAergic reticular thalamic neurons and cyclic 
hyperpolarizations of TC neurons underlying spindle oscil¬ 
lations was also supported by in vitro studies in which stimu¬ 
lation was applied to the reticular nucleus at the periphery 
of the slice and relay cells in adjacent thalamic nuclei were 
recorded intracellularly [89]. The chloride-mediated IPSPs 
in TC cells generated by train of pulses to the reticular 
nucleus gave rise to postinhibitory rebounds (Fig. 7.23A). 
In contrast to the absence of self-maintained oscillations 
after current pulses in TC cells, membrane potential oscilla¬ 
tions within spindle frequencies were observed after long 
trains of IPSPs induced by stimulation of the reticular 
nucleus (Fig. 7.23B). It is worth mentioning that the most 
effective frequency of reticular stimulation for inducing self- 
maintained oscillations in TC neurons was around 160 Hz, 
that is, within the range of usual intraburst frequencies of 
reticular neurons during spindling in naturally sleeping ani¬ 
mals [76, 77]. Detailed analyses of spindle oscillations were 
performed in slices from ferret visual thalamus [79, 90], 

The major differences between the results from 
in vivo [87] and in vitro [79] experiments are: the presence 
of spindles in the disconnected reticular nucleus in vivo and 
the failure to obtain these oscillations after disconnecting 
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[91] Steriade etal (1993d). 
See note 13 in that Science 
article. 


[92] The LTSs of reticular 
neurons are located in the 
dendrites (Mulle et al , 

1986; Huguenard and 
Prince, 1992). Dendritic 
LTSs have a graded nature; 
and the prolonged spike- 
bursts in these neurons can 
be modulated both by the 
level of membrane 
hyperpolarization and by 
the intensity of depolariz¬ 
ing inputs (Contreras et al, 
1993). The highly excitable 
dendritic tree and graded 
bursting behavior of thala¬ 
mic reticular neurons sup¬ 
port their role as generator 
and synchronizer of spindle 
rhythmicity in vivo [87]. 

[93] Destexhe etal (1996). 

[94] Destexhe et al. 

(1994b). 

[95] McCormick and Wang 
(1991). 


the reticular nucleus in vitro; and the nearly simultaneous 
occurrence of spindles over widespread thalamic and corti¬ 
cal territories in vivo , contrasting with the systematic propa¬ 
gation of spindles in a specially cut (saggittal) thalamic slice 
maintained in vitro. These differences are discussed below. 

In a collaborative article of in vivo , in vitro , and in 
computo investigators, it was concluded that the absence of 
spindles in slices of the isolated reticular nucleus may be 
ascribed to the incomplete network after slicing the reticu¬ 
lar nucleus, as “a larger and more intact collection of reticu¬ 
lar thalamic cells may be able to generate spindle waves 
autonomously” [91]. It is indeed known that the very long 
dendrites of reticular neurons, which are likely to be cut 
during the slicing procedure, play a major role in generat¬ 
ing and synchronizing spindles within the reticular nucleus 
[92]. The implication of RE-cells 5 in the bursting properties 
that lead to synchronized spindle oscillations was demon¬ 
strated in a combined experimental (in vivo and in vitro) 
and modeling study [93]. In contrast to reticular cells with 
intact dendritic arborizations in which there is a high den¬ 
sity of low-threshold transient Ca 2+ current (/ T ), reticular 
cells in which most of the dendritic arborizations were 
removed have a much lower density of I T . With a high den¬ 
sity of I T in distal dendrites, the simulated spike-bursts 
showed accelerando-decelerando patterns, as is the case 
with reticular neurons during natural slow-wave sleep [76, 
77]. Thus, a reduction in dendritic / x due to the slicing pro¬ 
cedure may diminish the propensity of reticular cells to dis¬ 
play spike-bursts similar to those seen in the intact brain and 
may explain the absence of spindles in the disconnected 
reticular nucleus in vitro . In addition to the slicing of long 
dendrites of reticular neurons, studies of thalamic spindling 
mechanisms in vitro lack the modulatory influences from 
brainstem cellular aggregates. A computational study [94] 
predicted that the depolarization of reticular neurons by 
inputs arising in monoamine-containing systems [95] would 
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Figure 7.21. Abolition of spontaneous and evoked spindle oscillations in thalamocortical (TC) neurons 
disconnected from the thalamic reticular (RE) nucleus. Intracellular recordings in cats under barbiturate 
anesthesia. A, spindle oscillations in intact preparation (the two traces represent ink-written recording at 
the top, and oscilloscopic recording at the bottom) and, below, after thalamic transections that discon¬ 
nected dorsal thalamic nuclei from the reticular nucleus. In transected preparation, spindle-related rhyth¬ 
mic long-lasting hyperpolarizations are abolished. In 1 of the transected preparation (ink-written 
recording), polarizing currents (arrows) were passed through the cell membrane to reveal the presence of 
numerous low-amplitude I PSPs (for comparison, the speed of recording was identical to that in top trace 
of the intact preparation). In 2, left part shows ink-written recording of IPSPs at higher speed, while right 
part depicts the same events in oscilloscopic recordings; note the depolarizing hump of the short-lasting 
IPSP. B, absence of evoked spindle-like oscillatory response in TC neuron after kainic lesion of reticular 
perikarya. 1, typical oscillatory response of a ventrolateral (VL) TC cell to cortical stimulation (arrowhead) 
in an intact preparation. 2, response of a VL cell to cortical stimulation after reticular kainic lesion; note 
absence of oscillations and the presence of a single period of hyperpolarization followed by a low-threshold 
rebound spike. See the histology of thalamic transections and kainate-induced lesions of the reticular 
nucleus in Steriade etal (1985). Modified from Steriade etal (1985) and Steriade and Deschenes (1988). 
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Figure 7.22. The deafferented thalamic reticular (RE) nucleus of cat generates spindle rhythmicity. For 
histology of transections that created an isolated island containing the rostral pole of the reticular 
nucleus, see Figs. 1-2 in Steriade el al. (1987a). A, normal cyclic recurrence of spindle sequences in the 
rostral pole of the deafferented reticular nucleus recorded by means of a microelectrode; absence of 
spindle rhythms (but persistence of slow waves) on cortical EEG recordings due to bilateral thalamic 
transections. B, oscillations within spindle frequency evoked in the rostral pole of the deafferented retic¬ 
ular nucleus by stimulating (5-shock train) the white matter overlying the caudate nucleus (50 averaged 
traces). C, slow rhythm of spindle sequences and related cell’s burst oscillations in the rostral pole of the 
reticular nucleus deafferented by thalamic and corona radiata transections. Discharges of a single reticu¬ 
lar neuron were simultaneously recorded with focal spindle oscillations by the same microelectrode. 
Sequential mean frequency (SMF) of the neuron is depicted with the normalized amplitudes of focal 
waves filtered for spindle waves (MSP). Abscissa indicates real time. At top, two (short and long) spike- 
bursts from the same period. Modified from Steriade et al (1987a). 


promote the sensitivity of reticular neurons to the IPSPs 
generated by intra-RE GABAergic connections, with the 
consequence of generating spontaneous oscillations within 
the frequency range of spindles (Fig. 7.24). This computa¬ 
tional study [94] predicted that a medium level of 
monoaminergic-induced depolarization might change the 
state of isolated reticular neuronal networks from silence to 
oscillations within the frequency range of spindles. 
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Figure 7.23. Oscillations following trains of inhibitory postsynaptic potentials (IPSPs) induced in rat thalamic 
neurons studied in vitro by stimulating the thalamic reticular (RE) nucleus. A, left, low-threshold spike (LTS) 
evoked in dorsal thalamic cell by trains of hyperpolarizing IPSPs induced by stimulation of reticular nucleus 
in the slice; stimulation artifacts indicated by arrowheads. A, right, same cell; comparison between LTS 
induced from a depolarizing current pulse and LTS following RE-evoked depolarizing IPSPs from a more 
negative membrane potential. Resting membrane potentials are indicated. B, a high-frequency (160 Hz) 
train of RE-evoked IPSPs evokes oscillations in dorsal thalamic neuron. Modified from Thomson (1988a). 



Figure 7.24. Dependence of spindle oscillatory behavior on the membrane potential of model thalamic 
reticular (RE) neurons. Simulation of a network of 100 RE cells interconnected with their neighbors 
through GABAergic synapses. The top 10 traces represent the activity of 10 neurons in the network and 
the bottom trace is the average membrane potential. Twenty percent of norepinephrine (NE)/sero¬ 
tonin (5-HT) synapses were initially activated. In this condition, the network displayed self-sustained oscil¬ 
lation at a frequency of 10-16 Hz and the average membrane potential displayed waxing-and-waning 
fluctuations in amplitude. After 2 s (first arrow), all NE/5-HT synaptic activity was suppressed; the result¬ 
ing hyperpolarization prevented the network from sustaining oscillations. Depolarizing (second arrow) 
or hyperpolarizing (third arrow) current pulses injected simultaneously in all neurons (with random 
amplitudes) could not restore spontaneous oscillations. From Destexhe et aL (1994b). 
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We proposed that the deafferented reticular cells sup¬ 
port oscillations through an avalanche process within the 
dendrodendritic synaptic junctions of the reticular nucleus 
[87]. Hyperpolarization through dendrodendritic synapses 
of GABAergic reticular cells would produce an LTS in the 
postsynaptic element (say a); Ca 2+ entry in neuron a will be 
followed by GABA exocytosis and hyperpolarization of other 
dendrites, postsynaptic to those of cell’s a dendrites; hyper¬ 
polarization in the latter elements would succeed in trigger¬ 
ing an LTS. In this way, oscillations could spread to adjacent 
neurons and, ultimately, to large sectors of the reticular 
nuclear complex. However, we have assumed that any excita¬ 
tory drive (such as that arising in TC or cortical neurons) 
impinging upon RE-cells’ dendrites could start the process. 
Although TG-RE loops may assist in developing spindles 
[91 ], the synchronization of the whole thalamus during spin¬ 
dling is possible only by invoking the widespread projections 
of reticular neurons to the dorsal thalamus [82], because 
there is little cross-talk between dorsal thalamic nuclei. 

The other difference between the results from in vivo 
and in vitro experiments concerns the increased coher¬ 
ence of spindles in intact-brain animals and is discussed in 
the next section. 

7.2.1.4. The Role of Neocortex in Synchronizing and 
Terminating Spindle Sequences 

One of the most efficient experimental methods to 
elicit spindles are cortical volleys, applied either ipsilater- 
ally, which directly activates pacemaking reticular neurons 
(Fig. 7.25), or contralaterally, to avoid antidromic invasion 
of TC-cells’ axons and axon-reflex activation of reticular 
neurons [96]. 

This powerful effect of neocortex on spindling 
explains the cortical influence on spindle synchronization. 
During natural NREM sleep, spindle oscillations occur 
simultaneously over vast territories, in the thalamus and 
cerebral cortex of intact brains, in both humans and ani¬ 
mals (Fig. 7.26) [97]. In contrast, spindles propagate sys¬ 
tematically in slices from visual thalamus [98]. We 
hypothesized that this major discrepancy between the 
results in intact-brain and sliced preparations is due to the 
absence of neocortex in thalamic slices. Following decorti¬ 
cation, we recorded spindle sequences from the same thal¬ 
amic foci as in intact-brain animals and observed that 
spindles are no longer simultaneous in the thalamus 
(Fig. 7.26) [97] without, however, displaying propagation 
as in slices. The role of the cortex in the simultaneous 
occurrence of spindles was also shown by diminished 
coherence of spindles during states, such as barbiturate 


[96] Steriade et al (1972). 
In those experiments, 
elicitation of spindles by 
contralateral stimulation of 
motor cortex was produced 
by callosal synaptic 
excitation of antidromically 
identified corticothalamic 
neurons. This bisynaptic 
pathway, first described in 
behaving monkeys 
(Steriade etal., 1974b), was 
also found using intracellu¬ 
lar recordings of cat 
cortical association 
neurons (Cisse et al, 2003). 

[97] Contreras et al 
(1996a, 1997a). 

[98] Kim et al (1995). 




Figure 7.25. Cortically evoked spindle oscillations in thalamic rostrolateral reticular (RE) neuron. Cat 
under ketamine-xylazine anesthesia. The duration of the evoked hyperpolarization varied in parallel 
with the duration of the depth-positive cortical EEC field potentials. Responses to internal capsule stim¬ 
uli (arrowheads) consisted of an early spike-burst followed by a long-lasting hyperpolarization that gave 
rise to a depolarizing spindle sequence. The depth-EEG from the motor cortex was recorded simultane¬ 
ously. Four different responses (stimuli with constant amplitudes) were selected for their differences in 
the duration of the evoked hyperpolarization and, consequently, the number of cycles in the spindle 
sequence. The EEC and intracellular traces correspond 1:1, from top to bottom. From Contreras and 
Steriade (1995). 


[99] Contreras et at 
(1997b). 


[100] Destexhe et at 
(1999a). 


[101 ] Gottselig et at 
( 2002 ). 


anesthesia or spreading depression induced by topical 
application of K + on cortex, during which corticothalamic 
neurons display no or negligible spontaneous activity [99]. 
Computational studies also showed that the simultaneity 
of spindle oscillations is increased and the phase shift is 
reduced by increasing the activity of corticothalamic neu¬ 
rons [100]. The powerful role of corticothalamic projec¬ 
tions in the high coherence of spindle oscillations was 
also demonstrated in humans by showing that cortical- 
damaged patients display significantly reduced coherence 
spectra from derivations ipsilateral to the lesion [101]. 

Corticothalamic activity is not only implicated in the 
long-range synchronization of spindles but also in the ter¬ 
mination of individual spindle sequences. One of the 
factors that may account for the termination of spindle 
sequences is asynchrony in the thalamic circuit, stemming 
from the different durations of spindle-related IPSPs in TC 
cells, resulting in different times at which postinhibitory 
rebound spike-bursts are fired, so that the synchrony in the 
TC-RE circuit is disrupted and spindles are terminated. 
The variability of LTSs generated in the same neuron at 
the break of a hyperpolarizing current pulse and during 
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[102] Steriade etal 
(1998b). 


[103] Timofeev et al 
(2001a). 


[104] In vitro studies pro¬ 
posed that up-regulation of 
the hyperpolarization- 
activated depolarizing 
current (/ H ) have a role in 
terminating spindle 
sequences in TC neurons 
(Bal and McCormick, 1996; 
Luthi and McCormick, 
1998). 


spontaneously occurring spindles is illustrated in Fig. 7.27. 
The asynchronous spike-bursts of TC neurons would keep 
at relatively depolarized level the membrane potential of 
reticular neurons and thus prevent their LTSs. However, 
the most important source of spindle desynchronization is 
cortical input. Some corticothalamic neurons, such as FRB 
neurons (see Chapter 5, Section 5.6.1), discharge nonac¬ 
comodating spike-trains throughout a spindle sequence 
[102] and may also recruit other cortical neurons into a 
state that may be out-of-phase with thalamic neurons. 
During the late phase of spindles, neocortical neurons 
become tonically depolarized, eventually leading to firing 
(Fig. 7.28), and spike-triggered-averages by cortical neu¬ 
rons do not reveal a phase relationship between cortical 
and TC neurons [103]. This depolarization of cortical 
neurons during the late part of a spindle sequence may be 
effective in desynchronizing thalamic networks and termi¬ 
nate spindles. This hypothesis was tested in a model of 
thalamic and neocortical neurons. The RE-TC isolated 
network oscillated infinitely and up-regulation of I H alone 
was not sufficiently strong to terminate spindling [104]. 
With the addition of the corticothalamic feedback, the 
spindles in the RE-TC network were shorter. We can then 
summarize the evolution of individual spindle sequences 
in the following way: (a) the first part of a spindle 
sequence is generated in the pacemaker reticular nucleus 
[87]; (b) during the first 2-4 IPSPs composing the spin¬ 
dles, TC neurons do not display rebound spike-bursts (see 
Figs. 7.16 and 7.28), thus they do not return signals to 
reticular neurons and do not contribute to this phase of a 
spindle sequence; (c) the middle part of a spindle 
sequence is due to the activity in the RE-TC-RE loop [79, 
91]; and (d) the termination of spindles is due to the 
depolarizing action of / H and/or the depolarizing action 
of corticothalamic neurons [103, 104], 

One of the functional roles of spindles is to discon¬ 
nect the cerebral cortex from the external world. The thal¬ 
amus is the first relay structure where blockage of afferent 
signals occurs during drowsiness and early stages of NREM 
sleep, despite the fact that the magnitude of the presynaptic 


Figure 7.26. Spindle sequences occur nearly simultaneously in humans and cats, but decortication disor¬ 
ganizes the widespread coherence of thalamic spindles. In the top panel illustrating natural sleep in 
HUMAN\ spindles were recorded from six standard EEG derivations (indicated in the schematic at right, 
arrowheads) in a normal subject, during sleep stage 2. Cross-correlations of individual spindle sequences 
(n = 15) were calculated between C3A2 and each one of the other channels. Averaged correlations 
( CROSS) showed rhythmicity at 14 Hz and central peak values between 0.7 and 0.9. Below, spindles were 
simultaneously recorded from 7 leads in the thalamus of intactcortex cat under barbiturate anesthesia. 
Note the virtual simultaneity of spindle sequences. After decortication (see scheme), recordings from virtu¬ 
ally same thalamic sites showed disorganization of spindle simultaneity. Modified from Contreras et al 
(1996a, 1997a). 


293 

SYNCHRONIZED 

BRAIN 

OSCILLATION 



294 


CHAPTER 7 



B 

EEG area 4 


EThG VL 


D|j| <N|i4u^ 


Intra - cell VL 




5S 



Conditioning membrane potential (mV) 



Figure 7.27. Low-threshold spikes (LTSs) in cat thalamocortical neurons are graded in amplitude during 
spindle oscillation. A, ketamine—xylazine anesthesia. Intracellular recording from the thalamic ventrolat¬ 
eral (VL) nucleus. Fluctuations in time-to-peak and amplitude of LTS at the break of the threshold 
hyperpolarizing current pulse (—0.8 nA, 0.1 s). Plot at right: conditioning V m is the V m just before the 
end of the current pulse; amplitude of maximal depolarization was calculated from baseline V m . B, barbi¬ 
turate anesthesia. Simultaneous field potential from cortical area 4 and VL nucleus, together with intra¬ 
cellular from VL nucleus. Right, an expanded spindle sequence, further expanded below (arrow). 
Modified from Timofeev et al (2001a). 


volley is unchanged, thus showing that no significant 
changes are seen prior to the thalamus (Fig. 7.29) [105]. 
The sustained hyperpolarization of TC cells during NREM 
sleep [106] partially accounts for the blockade of sig¬ 
nal transmission to cortex, but the epochs during which 
afferent messages are most powerfully inhibited are the 
declining phases of the hyperpolarizations in each spindle 
wave [107]. 


[105] Steriade (1991). 

[106] Hirsch etal (1983). 


[107] Timofeev et al (1996). 
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Figure 7.28. Role of corticothalamic input in terminating thalamic spindle sequences. Cat under barbitu¬ 
rate anesthesia. Dual intracellular recording of cortical and thalamocortical (TC) neurons, together with 
EEG. Three phases of a spindle sequence. Initial phase is imposed by pacemaking reticular (RE) net¬ 
work. During the middle phase of spindle, the activity of cortical, reticular and TC neurons is phase- 
locked. At the end of spindles, cortical firing induces depolarization of both reticular and TC neurons, 
which creates conditions for spindle termination. Modified from Timofeev et at (2001a). 


7.2* 1.5. Blockage of Spindles by Brainstem 
Activating Influxes 


[108] See previous reviews 
and monographs (Steriade 
and Llinas, 1988; Steriade 
etal, 1990b, 1997a). 


[109] Steriade (1980, 
1984). 


It is known that natural arousal or brainstem reticular 
stimulation readily blocks spontaneous or evoked spindle 
waves and transforms the oscillatory mode in TC systems 
into a relay functional mode, with tonically increased firing 
rates and enhanced cellular excitability [108]. In addition to 
the two factors represented by the pacemaking reticular 
neurons that generate spindles and some intrinsic proper¬ 
ties of TC neurons that contribute to the patterning of oscil¬ 
lations, spindles appear as a consequence of dampening 
activities in brainstem reticular neurons with thalamic pro¬ 
jections. Midbrain reticular neurons significantly decrease 
their firing rates during the transitional period from waking 
to sleep and reliably slow or completely stop their discharges 
about 1 s in advance of the first spindle sequence and in 
repeated transitions from EEG-desynchronized to spindling 
periods during the drowsiness state (Fig. 7.30) [109]. 

The generalized spindle rhythmicity is under the con¬ 
trol of reticular neurons and the mechanism of diffuse 




Figure 7.29. Blockade of synaptic transmission in the thalamus at sleep onset in the behaving cat. Field 
potentials evoked in the thalamic ventrolateral (VL) nucleus by stimulation of cerebellothalamic axons. 
Note progressively diminished amplitude of monosynaptically relayed (r) wave during drowsiness, up 
to its complete disappearance during full-blown sleep, in spite of lack of changes in the afferent volley 
monitored by the presynaptic (tract, t) component. Modified from Steriade (1991). 


spindle disruption by brainstem ascending influxes, as is the 
case upon natural arousal, should be searched at the very site 
of spindle genesis, the reticular nucleus. As shown below, the 
basic mechanism of generalized spindle desynchronization 
is probably a decoupling in the reticular network due to a 
cholinergic hyperpolarization of brainstem reticular origin. 

The blockage, during natural EEG activation or brain¬ 
stem reticular stimulation, of spindle-related rhythmic 
IPSPs and postinhibitory rebound spike-bursts was 
reported for TC neurons recorded extra- and intracellu- 
larly from the dorsal lateral geniculate (LG), lateroposte- 
rior (LP), ventrolateral (VL), and intralaminar CL nuclei 
[110]. In lightly anesthetized or unanesthetized (brain- 
stem-transected or chronic) preparations, the brainstem- 
induced blockage of spindle sequences is associated with 
tonic firing of TC neurons, which may outlast the stimulation 
period. Under barbiturate anesthesia, however, spindling is 


[110] Singer (1973); 
Steriade etai (1971, 

1977b); Glenn and Steriade 
(1982); Steriade (1984); 

Hu et al (1989b). 
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Figure 7.50. Midbrain reticular formation neuron with antidromically identified projection to the 
intralaminar thalamus decreases discharge rate in advance of the first spindle sequence during transition 
from waking (W) to EEG-synchronized sleep (S) in cat. A, top two traces depict original spikes and EEG 
waves simultaneously recorded on oscilloscope. First spindle sequence in W-S transition indicated 
between arrows. Bottom traces: same activities during repeated EEG desynchronization-synchronization 
transitions (ink-written recordings). B, 12 transitions of unit firing with respect to start of EEG spindle 
(time 0). Arrow at left: level of discharge (median rate) during W. Asterisks: bins with significant (<0.05) 
decrease in firing rate compared with median rate during W. Significantly decreased firing rate occurred 
1 s before spindle onset. Modified from Steriade (1980, 1984). 


blocked without the occurrence of any tonic discharges in 
TC cells, and a single rebound spike terminates the 
aborted spindle sequence (Fig. 7.31). 

The origin of spindle disruption in TC cells by brain¬ 
stem reticular stimulation is the blockage of spindles at the 
site of their generation, the reticular nucleus. Short pulse- 
trains to the cholinergic pedunculopontine tegmental 
nucleus (PPT) prevent the occurrence of spindles in the 
perigeniculate (PG) sector of the reticular nuclear corn- 
ill 1] Hu etal (1989a). plex or block ongoing spindle sequences (Fig. 7.32) [111]. 

As shown above, spindle oscillations of reticular cells 
develop on a depolarizing envelope. The brainstem cholin¬ 
ergic stimulation induces a large hyperpolarization that 
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Figure 7.31. Blockage of spindle oscillations in thalamic relay neurons by stimulating the brainstem peri- 
brachial (PB) area (pedunculopontine tegmental nucleus) in cat Intracellular recordings from relay cell 
recorded from the LG nucleus. Resdng potential is indicated. A-B, spontaneous spindle sequence (A) 
and disruption of a spindle sequence by PB stimulation (arrow head in B). Modified from Hu et al 
(1989b). 


blocks the spindles in PG neurons (Fig. 7.32A). 
Measurements of conductance changes associated with the 
hyperpolarizing response of PG neurons showed an 
increased conductance of about 40-50% (Fig. 7.32B). Since 
the PB-induced hyperpolarization of reticular neurons is 
abolished after administration of the muscarinic blocker, 
scopolamine [111], the main mechanism of the spindling 
blockage by PB stimulation seems to be a cholinergic hyper¬ 
polarization. This assumption is further supported by the 
fact that data similar to those depicted in Fig. 7.32 were also 
obtained after amine depletion in reserpine-treated animals. 

We dealt with the projections from brainstem reticu¬ 
lar core to basal forebrain neurons and with the projection 
from cholinergic and GABAergic basal forebrain neurons 
to the rostral pole and rostrolateral districts of the reticu¬ 
lar nucleus in Chapter 3 (Sections 3.3.2-3.6.2). The exis¬ 
tence of these circuits indicates that whenever brainstem 
reticular stimulation is applied, the spindle blockage may 
arise from an inhibition of spindle genesis in the reticular 
nucleus from the brainstem-RE neurons as well as from 
the parallel activation of the basal forebrain structures. 
The latter circuit is not responsible for data reported in the 
PG zone of the reticular nucleus (see Fig. 7.32) since there 
are no basal forebrain projections to that caudal part of the 
reticular nucleus. However, for most dorsal thalamic nuclei 
that receive powerful projections from the rostral pole and 
rostrolateral zones of the reticular nucleus, one should 
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Figure 7.32. Blockage of spindles at the very site of their genesis, the reticular (RE) thalamic nuclear 
complex, by brainstem peribrachial (PB) stimulation in cat. Intracellular recordings of two (A and B) 
neurons from the perigeniculate (PG) sector of the reticular nuclear complex. Resting potential is indi¬ 
cated. A, an expanded spindle sequence is shown in 1, and another spindle sequence was aborted by PB 
stimulation (arrowhead in 2). B, change in membrane resistance induced by PB stimulation in a PG thal¬ 
amic cell. Current pulse intensity: 2 nA. In the right part of the trace, a sustained hyperpolarizing current 
was injected to estimate the amount of anomalous rectification in the conductance change observed dur¬ 
ing the response. Note that, in spite of anomalous rectification, the drop in membrane resistance was of 
the order of 50%. Modified from Hu et ah (1989a). 


consider that basal forebrain neurons play a role in spin¬ 
dle blockage. In keeping with this idea, chemical lesions of 
rat basal forebrain perikarya are followed by a statistically 
[112] Buzsaki et ah significant increase in the incidence of spindle activity 

(1988b). [112]. Thus, a decrease in discharge rates of basal fore¬ 

brain neurons would be associated with spindle oscilla¬ 
tions in TC systems. These data suggest that a dampening 
activity in basal forebrain cholinergic and/or GABAergic 
neurons is a permissive factor for spindle genesis in the 
reticular nucleus, and corroborate similar results concern¬ 
ing the actions of thalamically projecting brainstem reticu¬ 
lar neurons (see above, Fig. 7.30). 
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In conclusion then, the blockage of spindle rhythms 
during EEG desynchronization is due to a decoupling in 
the synaptic networks of reticular nucleus by brainstem 
and basal forebrain axons. 


7.2.2. Two (Thalamic and Neocortical) 
Components of Delta Waves 

With deepening of NREM sleep, slower EEG rhythms 
progressively develop. These waves are conventionally 
termed “delta,” whence the term “delta sleep” applied to 
stages 3-4 of sleep in humans or to the later part of EEG- 
synchronized sleep in cats. However, the origin and cellu¬ 
lar mechanisms of the slow oscillation (less than 1 Hz) are 
distinct from those that built up the delta waves (1-4 Hz). 
Hereafter, the term delta will be conventionally used for 
oscillations within the frequency range of 1-4 Hz, and the 
term slow for waves below 1 Hz (see next Section, 7.2.3). 
Delta waves are generated at two levels, in TC neurons and 
in neocortex, through quite different mechanisms. 

7.2.2.1. Clock-like Thalamic Delta Rhythm: 

Generation, Synchronization, 
and Suppression 

The thalamic component of delta waves has a clock¬ 
like pattern and depends on two inward currents of TC 
neurons: a hyperpolarization-activated current, / H , carried 
by Na + and K + , which is expressed as a depolarizing sag of 
membrane potential toward rest; and a transient Ca 2+ cur¬ 
rent, / T , underlying the LTS (see Chapter 5, Section 5.5.1). 
The mechanisms of generation and synchronization of 
this thalamic oscillation were revealed using intracellular 
studies in vitro [113] and in vivo [114]. 

The prerequisite for the appearance of this rhythm is 
the hyperpolarization of TC neurons, generally to levels 
more negative than —65 or —70 mV, while depolarization 
of TC neurons leads to abolition of this rhythm 
(Fig. 7.33A). Thus, in contrast to the spindle oscillation 
that is generated by synaptic interactions that necessarily 
include reticular nucleus, the delta oscillation is an intrin¬ 
sic oscillation of TC neurons. 

The incompatibility between spindles and delta waves, 
which only occurs at the level of single neurons (and not at 
the EEG level), is due to the fact that these two rhythms 
appear at different membrane potentials of TC neurons. 
Around —60 mV, TC neurons display spindles, whereas at 
membrane potentials more negative than —65 or —70 mV 
spindles progressively decrease in amplitude and oscillations 


[113] Leresche etal. (1990, 
1991); McCormick and 
Pape (1990a); Soltesz et al 
(1991). 

[114] Steriade et al 
(1991a); Gurro Dossi et al 
(1992a); Nunez etal 
(1992a,c). 
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Figure 7.33. Clock-like delta oscillation in thalamocortical (TC) neurons in vivo, and its facilitation by corti¬ 
cothalamic volleys. Cats under urethane or ketamine and xylazine anesthesia. A, lateroposterior (LP) TC 
neuron. At “rest,” the cell oscillated spontaneously at 1.7 Hz. A 0.5 A depolarizing current (between arrows) 
prevented the oscillation and its removal set the cell back in the oscillatory mode. Three cycles after removal 
of depolarizing current in 1 are expanded in 2 to show high-frequency spike-bursts crowning low-threshold 
spikes (LTSs). B, induction of self-sustaining delta oscillation by injecting short rhythmic hyperpolarizing 
current pulses (1). TC neuron from LP nucleus recorded at “rest” during an oscillation-free period. The 
frequency of the pulse was chosen according to previously recorded oscillatory epochs. Pulse duration was 
progressively increased until rebound LTSs with Na + spikes could be triggered. Pulse amplitude was 0.4 nA. 
The portion between arrows is depicted at higher speed in 2 with the current monitor trace. Note progres¬ 
sive development from subthreshold to suprathreshold self-sustaining delta oscillations. Oblique arrow in 
1 marks the spontaneous occurrence of a fast prepotential. C, cortical potentiation of thalamic delta oscilla¬ 
tion. At a membrane potential of —68 mV, a subthreshold oscillation at 0.8 Hz appeared. Six cortical volleys 
induced LTSs and, after cessation of stimuli, a self-sustained delta oscillation at approximately 1.5 Hz ensued 
for 15 s. Modified from Steriade et al (1991a, panels A and C) and Curro Dossi et al (1992a). 
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are within the delta frequency range [114]. We have, thus, 
postulated a progressive hyperpolarization of TC cells with 
the deepening of NREM sleep, which is attributable 
to the progressive decrease in firing rates, during NREM 
sleep, of corticothalamic, midbrain core, and mesopontine 
cholinergic neurons with thalamic projections, and some 
monoaminergic nuclei (see Chapter 9). 

Cortical volleys potentiate delta oscillation in TC cells 
by transforming subthreshold depolarizing waves into 
rhythmic LTSs crowned by fast Na + action potentials, 
which may persist for 10-20 s as a self-sustained activity 
(Fig. 7.33C). Although delta is an intrinsic rhythm of single 
TC cells, cortical volleys succeed in synchronizing differ¬ 
ent TC neurons and induce field potentials oscillating in 
the delta frequency range (Fig. 7.34) and are also capable 
of synchronizing delta-oscillating TC cells that were uncou¬ 
pled prior to cortical stimuli (Fig. 7.35). This synaptic 
action is mediated by thalamic reticular GABAergic neu¬ 
rons that set the membrane potential of TC neurons at the 
hyperpolarized level required for delta oscillations. Thus, 
an intrinsic property of TC ceils is powerfully modulated 
by synaptic network operations. 




Figure 7.34. Cortically induced synchronization of three cells (a-c), simultaneously recorded in the 
thalamic lateroposterior (LP) nucleus, and occurrence of focal delta waves. Cat under urethane anesthe¬ 
sia. Top two traces, firing of three cells (deflections exceeding the lowest level indicate spike-bursts of 
one, two, or all three cells) and focal waves recorded by the same microelectrode. Note appearance of 
episodic delta waves (oblique arrow) preceded by burst firing. After three cortical stimuli (arrowheads), 
buildup of delta waves (1.5 Hz) lasted for 8 s, associated with synchronous spike-bursts in all three cells 
(epochs 1,2, and 3 are expanded in the bottom three traces and depicted with original spikes). Note reg¬ 
ular sequence of high-frequency (300-400 Hz) spike-bursts in cells a-c. From Steriade et al (1991a). 
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Figure 7.35. Clock-like delta oscillation in TC neurons, and synchronization of this intrinsic oscillation in 
different TC neurons by corticothalamic synaptic volleys. Cat under urethane anesthesia. Auto- and cross- 
correlograms of two cells (a and b), recorded simultaneously in the thalamic ventrolateral nucleus. Four cor- 
relograms (before and after cortical stimulation) depict, from top to bottom, autocorrelogram of cells a and 
b, and cross-correlograms of both cells (cell b is the reference cell) with different bins (2 and 20 ms). Note, 
before cortical stimulation, delta rhythm (1.6 Hz) of cell a, flat contour (absence of rhythmicity in cell b), 
and absence of coupling between these neurons. After corticothalamic synaptic volleys, the background 
noise in cell a was reduced, cell b became rhythmic at the same frequency as cell a (1.6 Hz), and cross- 
correlograms show that cell a firing preceded cell b firing by about 10-20 ms. Modified from Steriade et al 
(1991a). 

The obliteration of thalamic clock-delta oscillation is 
due to the depolarization of TC cells exerted by ascending 
influxes from mesopontine cholinergic nuclei, thus bring¬ 
ing TC neurons out of the voltage range at which clock¬ 
like delta rhythm is generated [114]. Besides, impulses 
arising in afferent specific pathways are capable of prevent¬ 
ing thalamic delta-oscillating neurons. Figure 7.36 depicts 
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Figure 7.36. Disruption of intrinsic delta oscillation in thalamocortical (TC) neurons from thalamic lat¬ 
eral geniculate (LG) nucleus by changes in ambient luminosity. Extracellular recordings in cats under 
urethane anesthesia. A. two simultaneously recorded neurons (1,2) were synchronized during darkness, 
with an oscillation at 1.8 Hz. Light-on induced tonic firing of neuron 2, blocked cells’ synchronization, 
and disrupted the clock-like oscillation. Parts a-c are expanded below. B, an oscillation at 4 Hz was ini¬ 
tially present during light-on, was blocked by light-off but resumed after 10 s, and was also blocked by 
light-on with recovery after 9 s. Three episodes (a-c) are expanded below to show the stereotyped spike- 
doublets. From Nunez et al (1992c). 

visual thalamic neurons oscillating with rhythmic spike- 
bursts in the frequency range of delta oscillation, and the 
replacement of this oscillation by ambient light. 


7.2.2.2. Cortical Delta Waves 


The cortical origin of at least one component of delta 
waves was shown by their persistence in animals with bilat¬ 
eral [115] or unilateral [116] thalamic destruction and 
their disappearance at subcortical levels after large neo- 
cortical ablations [117]. 


[115] Villablanca (1974). 

[116] Steriade et al. 
(1993f). 

[117] Jouvet (1962). 



[118] Calvet etal (1964). 


[119] Petsche et al (1984). 


[120] Ball etal (1977). 

[121] Steriade and Buzsaki 
(1990). 

[ 122] Schwindt et al 
(1988a-b). 


[123] Steriade etal 
(1974a). 


[ 124] Oakson and Steriade 
(1982, 1983). 


[125] Steriade etal (1993e). 
In that initial paper, data 
from human sleep EEG 
were also reported showing 
the grouping of delta waves 
(1-4 Hz) within the 
frequency of the slow 
oscillation (<lHz). 

[126] Steriade etal 
(1996a). 

[127] Steriade etal 
(2001a). 

[ 128] Achermann and 
Borbely (1997). 

[129] Amzica and Steriade 
(1997). 

[130] Simon etal (1999, 
2000 ). 

[131] Steriade etal 
(1993f). 


There is no systematic intracellular study of slow waves. 
Laminar profiles in cat suprasylvian cortex indicate that the 
generator of slow waves is at a depth between 0.6 and 
0.9 mm [118], between layers III and V. Current source 
density analyses showed that 4-Hz waves in rabbit visual cor¬ 
tex display dipoles between layers II—III and V, while waves 
within higher frequency bands are more pronounced in 
deeper cortical layers [119], The surface-negative compo¬ 
nent of slow waves reverses abruptly at the upper border of 
layer V, and the depth-positive wave is typically associated 
with silence in neuronal firing [112]. Similar relations have 
been reported for pathological slow waves induced by thal¬ 
amic or midbrain reticular lesions [120]. It was suggested 
[121] that cortical delta waves reflect summated long-last¬ 
ing after-hyperpolarizations (AHPs) produced by K + cur¬ 
rents (mainly / K(Ca) ) in pyramidal neurons [122]. The 
decreased excitability that accompanies the slow AHPs is 
consistent with the decreased synaptic and antidromic 
responsiveness of pyramidal tract and other corticofugal 
neurons during EEG epochs with delta waves [123]. 

The amplitudes of cortical slow waves display oscilla¬ 
tions (periods 6-12 s) and increase progressively from the 
transitional period of drowsiness to fully developed sleep, 
in close temporal relationship to a progressive decrease in 
discharge rates of upper midbrain reticular neurons 
[124]. Since neurons in the rostral reticular core do not 
have direct cortical projections (see Chapter 3, Section 
3.4.1), this relationship is presumably transmitted by inter¬ 
calated neurons. In particular, basal forebrain cholinergic 
neurons seem to influence the genesis of cortical slow 
waves since their unilateral destruction produces an asym¬ 
metric map of delta distribution, with an increase in the 
delta band ipsilateral to the lesion [112], 


7,2.3. The Neocortical Slow Oscillation: Its 
Role in Grouping NREM Sleep and 
Fast Rhythms 

The slow oscillation (—0.5-1 Hz) was first described 
in 1993, using intracellular recordings from different neu¬ 
ronal types in anesthetized cats [125]. It was confirmed, 
with the same features, using extracellular [126] and intra¬ 
cellular [127] recordings in chronically implanted, naturally 
sleeping animals, and was also detected in EEG [128, 129] 
and MEG [130] recordings during natural NREM sleep in 
humans. The grouping of two oscillatory types, within fre¬ 
quency bands of 1-4 Hz and 0.3-1 Hz [125, 131], is one of 
the arguments supporting the distinctness between delta 
and slow sleep oscillations (see below, Section 7.3.3.2). 
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The cortical nature of the slow oscillation was demon¬ 
strated by its absence in the thalamus of decorticated 
animals [132]; its survival in the cerebral cortex after thal¬ 
amectomy [131]; and its presence in large, isolated corti¬ 
cal slabs in in vivo cortical slices [133] and cortical slices 
maintained in vitro [134]. 

7.2.3.1. Cellular Basis of the Slow Oscillation 

The slow oscillation consists of prolonged depolariza¬ 
tions, associated with brisk firing (~8-40Hz), and pro¬ 
longed hyperpolarizations during which neurons are silent 
(Fig. 7.37). Generally, the depolarization lasts for approxi¬ 
mately 0.3-0.6 s [135]. In addition to NMDA-mediated 
events [135], the depolarizing phase consists of non- 
NMDA-mediated EPSPs, fast prepotentials (FPPs), a voltage- 
dependent persistent Na + current (/ Na ( P ))> and fast IPSPs 
reflecting the action of synaptically coupled GABAergic 
local-circuit cortical cells [125]. As to the hyperpolarizing 
phase of the slow oscillation, it is not due to the action of 
local inhibitory neurons, but to disfacilitation (removal of 
synaptic, mainly excitatory, inputs) in intracortical and TC 
networks, and to some K + currents. Several pieces of evi¬ 
dence support this conclusion, (a) Neurons identified elec- 
trophysiologically as fast-spiking cells and morphologically 
as basket (aspiny) cells, during either natural sleep 
(Fig. 7.38) or ketamine-xylazine anesthesia, behave in 
phase with regular-spiking (pyramidal) neurons, firing dur¬ 
ing the depolarizing phase and being silent during the 
hyperpolarizing phase, (b) Intracellular recordings with 
Cl _ -filled pipettes during naturally sleeping animals did 
not affect the prolonged hyperpolarizations of the slow 
oscillation in NREM sleep (see fast-spiking cell in Fig. 7.38) 
[127]. (c) Recordings with Cs + -filled pipettes strikingly 
reduced or abolished the hyperpolarizations [136]. Cs + 
blocks nonspecifically K + currents; then, hyperpolarizations 
during the slow oscillation are produced, at least partially, 
by a series of K + currents, most probably / K(Ca) . Finally, (d) 
disfacilitation in cortical networks is the other factor 
accounting for the prolonged hyperpolarizations, as under 
anesthesia [137] as well as during natural NREM sleep 
[127], the apparent input resistance was almost double 


[132] Timofeev and 
Steriade (1996). 

[133] Timofeev et al. 
(2000a). 

[134] Sanchez-Vives and 
McCormick (2000). In that 
in vitro study, neurons in 
layer V were found to 
initiate the slow oscillation 
because of their high 
excitability, which may be 
ascribed to the concentra¬ 
tion of extracellular K + 

(3.5 mM K + ), slighdy higher 
than is the case in vivo 
(2.7-3.2 mM K + ; Lux and 
Neher, 1973; Gutnick et al, 
1979). The abnormally high 
excitability of deeply lying 
neurons in the study by 
Sanchez-Vives and 
McCormick (2000) can be 
seen in Fig. 2 in that paper 
showing that layers V/VI 
neurons discharged heavily 
during the silent phases of 
neurons from other layers. 

It is known that, in vivo, 
during the hyperpolarizing 
(“down-state”) phase of the 
slow oscillation, there is 
virtually no action potential 
in any type of neurons 

(see main text and 
Figs. 7.37-7.45, with 
intracellular recordings in 
anesthetized and 
unanesthetized, naturally 
sleeping animals). 

[ 135] The duration of the 
depolarizing phase of the 
slow oscillation is approxi¬ 
mately 0.8-1.5 s under 
urethane, but it is much 
shorter (~0.3-0.5 s) under 
ketamine-xylazine [125] or 
natural NREM sleep [127]. 
This suggests the involve¬ 
ment of NMDA-mediated 
events in this phase. 

[136] Timofeev et al 
(2001b). 


Figure 7.37. Intracellularly recorded and stained pyramidal neurons from cat primary somatosensory 
cortical display a slow oscillation. Ketamine-xylazine anesthesia. A, neuron at 0.3 mm from the sur¬ 
face (seen in the upper part of the photo) oscillated with periodic depolarizing-hyperpolarizing 
sequences at a frequency of about 0.6 Hz. This cell was extremely spiny and showed a prominent local 
arborization of its axon. Note oscillations within the frequency of spindle waves (10-12 Hz) during 
the depolarizing phase of the slow oscillation. B, pyramidal neuron at a depth of 1 mm, with two 
apical dendrites. Note the track left by the recording pipette on the left side of the cell. Both these 
neurons were regular-spiking cells. Modified from Contreras and Steriade (1995). 
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Figure 7.38. Changes in membrane potential and firing patterns during natural wake and sleep states. Intracellular recordings in 
chronically implanted cats. A, regular-spiking (RS) neuron from posterior association suprasylvian area 21 was intracellularly 
recorded (together with EMG and EEG from area 5) during transition from wake to NREM sleep (SWS) and, further, to REM 
sleep (there is a nondepicted period of 18 min during SWS). Periods marked by horizontal bars are expanded below (arrows). 
Note tonic firing during both waking and REM sleep, and cyclic hyperpolarizations associated with depth-positive EEG field 
potentials during SWS. B, activity of fast-spiking (FS) neuron (characterized by fast and tonic firing without frequency adaptation; 
see at right responses to depolarizing current pulses) during waking, SWS, and REM sleep. Recording with KCl-filled pipette. 
Tonic firing during waking and REM sleep was interrupted during SWS by long periods of hyperpolarizations and spindles, cor¬ 
responding to EEG depth-positive waves and spindles. Some prolonged hyperpolarizations during SWS are indicated by asterisks. 
From Steriade etal. (2001a). 


during the hyperpolarizing phase of the slow oscillation in 
NREM sleep, compared to the depolarizing phase of this 
oscillation [31]. The disfacilitation might be explained by a 
progressive depletion of [Ca 2+ ] () during the depolarizing 
phase of the slow oscillation [138], which would produce a 
decrease in synaptic efficacy and an avalanche reaction that 


[137] Contreras et al. 
(1996b). 


[138] Massimini and 
Amzica (2001). 
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would eventually lead to the functional disconnection of 
cortical networks. 

The slow oscillation was recorded in all four major types 
of neocortical neurons (regular-spiking, RS; fast-spiking, FS; 
fast-rhythmic-bursting, FRB; and intrinsically-bursting, IB; 
see Chapter 5, Section 5.6.1), as identified electrophysiologi- 
cally (Fig. 7.39) and by intracellular staining (Fig. 7.37). 
Identical oscillations were detected in all (primary sensory, 
association, and motor) explored cortical areas. Although 
the pattern of the slow oscillation recorded from the pri¬ 
mary visual cortex is similar to that in other cortical fields 
(Fig. 7.40), the incidence of the slow oscillation in this area 
is lower. 
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Figure 7.39. Slow oscillation in regular-spiking (RS, panel A) and intrinsically-bursting (IB, panel B) neo¬ 
cortical neurons. Intracellular recordings from suprasylvian area 5 in cats under urethane anesthesia. 
Depolarizing components Bl-2 are expanded below. From Steriade et al (1993a). 
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Figure 7.40. Slow oscillation in regular-spiking (RS), slowly adapting neuron, recorded from primary 
visual area 17 (depth 0.8 mm) in cat under urethane anesthesia. 1, cell identification by two depolarizing 
responses to flashes (1 ms in duration) and responses to thalamic lateral geniculate stimuli (through two 
different stimulating electrodes). 2, spontaneous activity under —0.2 nA DC and, at oblique arrow, back 
to the resting membrane potential (—68 mV). The first spike-train is expanded at left (see arrow; spikes 
truncated). From Steriade etal (1993e). 


7.2.3.2. Intracellular Recording of the Slow 

Oscillation during Natural NREM Sleep 

During the transition from wakefulness to natural 
NREM sleep, the occurrence of the slow oscillation is, 
together with spindles, the first major electrical sign in cor¬ 
tical neurons. Long-lasting hyperpolarizations, associated 
with neuronal silence, are defining features from the very 
onset of sleep. In histograms of membrane potential dis¬ 
tribution, the change from waking-related tonic firing 
(accompanied by Gaussian-like histograms with peaks 
around —60 to —65 mV) to NREM sleep patterns is 
reflected by a hyperpolarizing tail reaching almost —80 to 
—90 mV (Fig. 7.41) [127, 139], Conversely, the transition [139] Steriade (2000). 
from NREM sleep to wakefulness (Fig. 7.42) or to REM 
sleep (Fig. 7.43) is associated with complete obliteration of 
prolonged hyperpolarizations that characterize the slow 
oscillation. 




Figure 7.41. Natural NREM sleep is characterized by prolonged hyperpolarizations in neocortical 
neurons, but rich spontaneous firing during the depolarizing epochs. Chronically implanted cat. Five 
traces in top panel depict EEC from the depth of left cortical areas 4 (motor) and 21 (visual association), 
intracellular recording from area 21 neuron (resting membrane potential is indicated), electro-oculo¬ 
gram (EOG) and electro myogram (EMG). Part marked by horizontal bar is expanded below left (arrow). 
Note relation between the hyperpolarizations and depth-positive EEG field potentials. Below right, his¬ 
tograms of membrane potential (10-s epochs) during the period of transition from waking to slow-wave 
sleep depicted above. Note membrane potential around -64 mV during the 20 s of waking and progres¬ 
sively increased tail of hyper polarizations, up to —90 mV, during sleep. Data from experiments by 
M. Steriade, I. Timofeev, and F. Grenier (see Steriade, 2000). 


[140] Steriade et al 
(1994b). 

[141] Contreras and 
Steriade (1995). 


7.2.3.S. Intracortical Synchronization of 
Slow Oscillation 

Dual intracellular recordings in vivo demonstrated 
that the synchronization of EEG patterns during NREM 
sleep is associated with simultaneous hyperpolarizations in 
cortical neurons (Fig. 7.44) [140, 141]. The intracortical 
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Figure 7.42. The slow oscillation during natural NREM sleep and its obliteration during transition to 
wakefulness. Chronically implanted cat. Five traces depict (from top to bottom): depth-EEG from right 
area 7 and left areas 3 and 5; intracellular activity of regular-spiking neuron from left area 7; and electro- 
myogram (EMG). Two epochs marked by horizontal bars are expanded below (arrows). Cyclic hyperpo¬ 
larizations characterize neocortical neurons during NREM sleep, but their firing rate during the 
depolarizing phases of the slow sleep oscillation is as high as during the activated behavioral state of 
waking. Note phasic hyperpolarizations in area 7 neuron, related to depth-positive EEG field potentials, 
during sleep, tonic firing upon awakening marked by EEG activation and increased muscular tone, and 
slight depolarization occurring only after a few seconds after awakening and blockage of hyperpolariza- 
tions. Modified from Steriade et al (2001a). 


synchronization of the slow oscillation was demonstrated 
by dual intracellular, extracellular multiunit, and field 
potential recordings from distant cortical foci, and by the 
disruption of synchronization after lidocaine injection 
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Figure 7.43. Cyclic hyperpolarizations characterize neocortical neurons during NREM sleep (S) and they 
are blocked during REM sleep. Intracellular recording of area 5 regular-spiking (RS) neuron, together with 
EEG from areas 3 and 7, and EMG. Periods marked by horizontal bars and arrows are expanded below. The 
bottom plots show the membrane potential during S (with a tail extending up to —85 mV) and a Gaussian- 
type histogram during REM sleep, around —60 mV. Note also slight depolarization upon entering REM 
sleep, preceding by a few seconds EEG activation and muscular atonia. From Steriade et at (2001a). 


[142] Destexhe etal 
(1999b). This study 
demonstrated high values 
of spatial correlation for 
large distances among 
cortical leads during 
NREM steep, in contrast 
with the steeper decline, 
with distance, of spatial 
correlations among 
neuronal activities during 
brain-activated states of 
waking and REM sleep. 


between the two foci [68]. These studies, under anesthe¬ 
sia, demonstrated that closely located neurons are also 
“closer” in time. The shortest mean time lag was found 
between neurons within adjacent foci, while the longest 
time lags were found in distant recordings from motor and 
visual areas [68], The long-range coherence of the slow 
oscillation was also demonstrated in naturally sleeping 
animals [142]. 


































































Figure 7.44. Dual intracellular recordings of neocortical neu¬ 
rons during the slow oscillation. Cats under ketamine- 
xylazine anesthesia. A, dual simultaneous intracellular record¬ 
ings from right and left cortical area 4. Note spindle during 
the depolarizing envelope of the slow oscillation and synchro¬ 
nization of EEC when both neurons synchronously display 
prolonged hyperpolarizations. B, dual intracellular record¬ 
ings from cortical neurons (right and left areas 4) show that 


EEG synchronization is concomitant with simultaneous 
hyperpolarizations in neocortical neurons. EEG activated 
pattern at left, and occurrence of EEG synchronization. Only 
when both cells simultaneously displayed large hyperpolar¬ 
izations, was the EEG fully synchronized with the patterns of 
slow oscillation and brief spindle sequences. Modified from 
Steriade et al. (1994b, panel A) and Contreras and Steriade 
(1995, panel B). 


The intracortical synchronization of the slow oscilla¬ 
tion is not only observed among neurons, but also between 
neurons and glial cells. Dual intracellular recordings from 

neurons and adjacent glial cells [143] showed that the onset [143] Amzica and Steriade 
of the depolarizing phase in neurons is followed, after (1998b, 2000); Amzica and 
approximately 90 ms, by the depolarization of simultane- Neckelmann (1999); 
ously recorded glial cells and, toward the end of the depo- Amzica etal (2002). 
larizing phase, the glial membrane begins to repolarize 
before neurons. These data suggested that glial cells might 
control the pace of the oscillation through changes in 
[K + ] out , which is known to modulate neuronal excitability. 


7.2.3.4. Synaptic Reflection of the Slow Oscillation 
in Thalamus and Other Structures 

The neuronal synchronization also implicates thalamic 
neurons, reticular neurons, electrophysiologically identified 
by their very long spike-bursts with accelerando-decelerando 
pattern, whose intrinsic properties are quite different from 
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[144] Steriade et al 
(1993b). 


those of neocortical neurons, exhibit patterns of the slow 
oscillation, with prolonged depolarizations interrupted by 
prolonged hyperpolarizations, which are very similar to 
those of cortical neurons (Fig. 7.45; see also below, Fig. 7.47) 
[141, 144]. The depolarizing component of the cortically 
generated slow oscillation is transmitted to reticular thala¬ 
mic neurons at which level it triggers rhythmic spike-bursts 
and, consequently, is reflected in TC cells as rhythmic IPSPs 
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Figure 7.45. Thalamic reticular (RE) neurons during the cortically generated slow oscillation. Effect of 
hyperpolarization on the depolarizing components of the slow oscillation. Cats under urethane anesthe¬ 
sia. A-B, two different neurons. A, oscillation at 0.3 Hz. Top trace: at the resting V m ( — 60 mV); under 
slight hyperpolarization (—0.2 nA at oblique arrow) bringing the V m to —70 mV; and further DC hyper¬ 
polarization (—0.5 nA) to —80 mV (after interruption of trace). Bottom trace: slow depolarizing rhythm 
at -72 mV; its drastic reduction in amplitude (while the synaptic noise was left intact) by further hyper¬ 
polarization (-1 nA) to -100 mV; and recovery of depolarizing envelopes at -80 mV. B, another neu¬ 
ron, with a slow rhythm at 0.4 Hz. Top trace: slightly removing the DC depolarizing current, from 
4-0.05 nA and +0.03 nA (V m at -63 mV and -70 mV, respectively) to the resting V m (-75 mV). Bottom 
trace: suppression of rhythmic depolarizing envelopes by DC hyperpolarization (-0.3 nA) bringing the 
V m to —90 mV; however, the initial phasic events of the slowly rhythmic depolarizations remained intact 
(asterisks). From Steriade et al (1993b). 
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leading to rebound spike-bursts (Fig. 7.46). This is the mech¬ 
anism underlying the brief sequence of spindles that follows 
every cycle of the slow oscillation (see below, Section 7.3.3.5). 

Thus, the thalamic slow oscillation is a consequence 
of the neocortical slow oscillation. This is not a passive 



Intra-cell VL 
‘6 5 mV 


Figure 7.46. Synchronization of the slow oscillation in cortical and thalamic neurons. Intracellular record¬ 
ings in a cat under ketamine-xylazine anesthesia. Simultaneous recordings of depth-cortical EEG and intra¬ 
cellular activity of an area 4 cortical neuron and thalamocortical neurons from ventrolateral (VL) nucleus. 
The intracellular activity of the thalamic reticular (RE) neuron was similar with respect to the EEG. All activi¬ 
ties aligned on the peak of depth-negativity EEG (downward). Note simultaneity of long-lasting hyperpolar¬ 
izations (related to the depth-positive EEG component) in all cortical and thalamic cell-types. The 
depth-negative EEG component of the slow oscillation was associated with spike-trains in the cortical neuron 
and spike-bursts in thalamic reticular and VL neurons. Modified from Contreras and Steriade (1995). 
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[145] Hughes et al. (2002). 
A slow oscillation in TC 
neurons was also observed 
in vitro by Williams et al. 
(1997) in a subset (<15%) 
of these neurons. This 
oscillation, possessing a 
similar feature with that 
described in our experi¬ 
ments in vivo [141, 144], 
was generated by a bistable 
interaction between the 
“window” component of 
the Ca +2 -dependent I T and 
the leak K + current (/i cak ). 
In the more recent study by 


reflection, but a synaptically induced effect of cortical dis¬ 
charges, which occur during the depth-negative field 
potentials, onto thalamic neurons, as demonstrated since 
our 1993-1995 intracellular studies [141, 144]. This view 
was recently confirmed in work on thalamic slices [145], 
showing that by activating metabotropic glutamate recep¬ 
tors (mGluRla), corticothalamic inputs can recruit neu¬ 
ronal mechanisms in TC neurons, which are identical to 
those observed in our in vivo studies. In the intact brain, 
synchronous corticothalamic volleys, as they occur natu¬ 
rally during the depolarizing phase of the slow oscillation, 
excite reticular neurons (Figs. 7.45 and 7.47) that, in turn, 
impose IPSPs on TC neurons, followed by low-threshold 
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Figure 7.47. The slow cortical oscillation and its synaptic reflection in thalamic neurons. Coalescence of 
cortically generated slow oscillation with thalamic clock-like delta oscillation. Intracellular recordings of 
four neurons in anesthetized cats. From top to bottom: two pyramidal cortical neurons (1 and 2), one 
thalamic reticular (RE) neuron (3) and one thalamocortical (TC) neuron (4). Intracellularly stained 
neurons are shown at right. Neuron 1 from cortical association area 5 displayed the slow rhythm (less 
than 1 Hz) and, between the slow depolarizing phases, clock-like action potentials (asterisks) recurring 
at the delta frequency range (1.6 Hz), arising in TC neurons. Cortical cell 2 exhibited the slow rhythm at 
0.3 Hz. Thalamic reticular neuron 3 oscillated at 0.3 Hz, at the same frequency as slowly oscillating corti¬ 
cal neurons. TC neuron 4, from the ventrolateral nucleus, oscillated within the clock-like delta frequency 
(2.5 Hz); the oscillation tended to dampen and was periodically revived, within the frequency range of 
the slow oscillation (0.2-0.4 Hz). Modified from Steriade et al (1993b,d,f). 
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spike-bursts. These opposite effects (excitation in reticular 
neurons, inhibition-rebound sequences in TC neurons) are 
due to the fact that the numbers of some subunits of gluta¬ 
mate receptors are approximately four times higher at 
corticothalamic synapses in reticular neurons, compared to 
TC neurons, and the amplitude of corticothalamic EPSCs is 
about 2.5 times higher in reticular than in TC neurons [146]. 

7.2.3.5. Grouping of Delta, Spindles, and Fast 
Oscillations by the Slow Oscillation 

Two pieces of evidence mark the difference between 
the slow (generally, 0.5-1 Hz) and delta (1-4 Hz) oscilla¬ 
tions, the latter consisting of two (thalamic and cortical) 
components, (a) The first one is the distinct occurrence of 
cortically generated slow oscillation and the clock-like delta 
oscillation generated in TC neurons within the same corti¬ 
cal neuron (see neuron 1 in Fig. 7.47). It should be empha¬ 
sized, however, that, because of the intrinsic nature of the 
clock-like delta rhythm (see Section 7.2.2.1), this activity 
appears in single TC neurons and, although can be synchro¬ 
nized by corticothalamic inputs (see Fig. 7.35), it is quite 
rare to have pools of TC neurons enough synchronized so 
that their rhythmic activity be reflected at the macroscopic 
EEG level, (b) The second fact pointing to the difference 
between the slow and delta activities is that cortically gener¬ 
ated delta waves are grouped in sequences recurring within 
the frequency range of the slow oscillation. This grouping of 
two distinct sleep rhythms can be seen using both intracellu¬ 
lar and extracellular unit recordings (Fig. 7.48). 

The synaptic reflection of the cortical slow oscillation 
in thalamic reticular neurons (see Figs. 7.45-7.47), which 
are pacemakers of spindles, is behind the fact that the syn¬ 
chronous firing of cortical neurons during the depolariz¬ 
ing phase of the slow oscillation creates conditions for 
generation of spindles in both experimental animals and 
humans (Fig. 7.49). Thus, a cycle of the slow oscillation is 
followed by a brief spindle sequence in TC neurons, which 
is transferred to the cortical EEG. The sequence consisting 
of a surface-positive EEG transient, corresponding to the 
excitation in deeply lying neocortical neurons, followed by 
surface-negative component and a short sequence of spin¬ 
dle waves, represents the combination between the slow 
and spindle oscillation, and is termed in clinical EEG as 
the K-complex (KC), a reliable sign for stage 2 of human 
sleep, but apparent in all stages of NREM sleep (Fig. 7.49, 
HUMAN) [147]. Spectral analysis in humans demon¬ 
strated the periodic recurrence of KCs, with main peaks at 
0.5-0.7 Hz, reflecting the slow oscillation (S); the other 
frequency band (1-4 Hz) represents delta activity (A); and 
12-15 Hz reflects the presence of spindles (a) (Fig. 7.49). 


Hughes et al (2002), the 
exogenous or synaptic acti¬ 
vation ofmGluRl pro¬ 
duced a slow oscillation in 
TC neurons, similar to that 
observed in our in vivo 
studies. Activation of 
mGluRl in thalamic slices 
mimics the corticothalamic 
synaptic activation that was 
demonstrated in the intact 
brain [141,144], 

[146] See note [35] and 
related main text in 
Chapter 4. 


[147] Loomis et al (1938); 
Roth et al (1956). The cel¬ 
lular substrates of the KC, a 
landmark of EEG sleep in 
humans, have been investi¬ 
gated in cats (Amzica and 
Steriade, 1997,1998a). Our 
studies indicate that the 
KCs are the expression of 
the spontaneously occur¬ 
ring, cortically generated 
slow oscillation. KCs may 
also be triggered by audi¬ 
tory or other stimuli, 
though such evoked events 
are the exception since 
sleep usually occurs in envi¬ 
ronments free of sensory 
stimuli. 
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Figure 7.48. Delta oscillation (3-4 Hz) grouped within sequences recurring with a slow rhythm 
(0.3-0.4 Hz) in cortical neurons. Cats under urethane anesthesia. A, intracellular recording of a regular- 
spiking, slow adapting corticothalamic neuron in anterior suprasylvian area 5, excited synaptically from 
the thalamic lateroposterior (LP) nucleus and backfired (3.5 ms latency) from the thalamic rostral 
intralaminar centrolateral (CL) nucleus. B, extracellular recording of an intrinsically-bursting neuron at 
0.6 mm in suprasylvian area 7, convergently excited by stimulation of the LP and CL nuclei. Below the 
cellular traces, focal waves (field potentials) recorded through the same micropipette used to record 
action potentials and EEG waves recorded from the cortical surface are depicted. The sequences of 
spike-bursts marked by one or two asterisks are expanded below. Note delta waves grouped by the slow 
rhythm. C, AUTO (autocorrelograms) of two (a and b) neurons recorded simultaneously by the same 
extracellular microelectrode at a depth of 1.3 mm in motor cortical area 4. AUTO (0.1 bin width) shows 
the slow rhythm (0.2 Hz) in both neurons. The delta rhythm (2.5 Hz) within the slowly (0.2 Hz) recur¬ 
ring discharge sequences in neuron b is depicted in the expanded inset (arrow). Modified from Steriade 
etal (1993f). 




Left hemisphere Right hemisphere 


slow oscillation 


CAT 



CAT HUMAN 



0.5 mV 





321 


Figure 7.50 illustrates the neuronal circuits that give 
rise to grouped slow oscillation and spindles or thala¬ 
mic/cortical components of delta waves. The sharp, 
depth-negative deflection of the slow oscillation is termed 
KC. Thus, panel A depicts a KC in the cortex that travels 
through the corticothalamic pathway and triggers in the 
thalamic reticular nucleus a spindle sequence that is trans¬ 
ferred to TC neurons and thereafter back to the cortex 
where it shapes the tail of the KC. Panel B shows how KC is 
modulated by a sequence of clock-like delta waves originat¬ 
ing in the thalamus. The KC travels along the corticothala¬ 
mic pathway eliciting EPSP-IPSPs sequences in TC cells. 
The IPSPs generate low-threshold potentials crowned by 
high-frequency spike-bursts at delta frequency that may 
reach the cortex through the TC link. Finally, panel C 
shows the modulation of a KC by a sequence of delta waves 
originating in the cortex. 

The slow oscillation also generates fast oscillations in 
the beta/gamma frequency bands (Fig. 7.51). As these fast 
activities are voltage (depolarization)-dependent in both 
thalamic and cortical neurons (see Section 7.1.4), they 
selectively appear on the depolarization phase of the slow 
sleep oscillation. Thus, gamma rhythms occur not only 
during brain-active states of wakefulness and REM sleep, 
as conventionally assumed, but also during the slow oscilla¬ 
tion in NREM sleep. 

During the depolarizing phase of the slow oscillation, 
very fast rhythms (ripples, 80-200 Hz) are also observed. 
Intracellular recordings revealed a strong relation 
between ripples in filtered field potentials (80-200 Hz) 
and neuronal depolarization and firing, with ampler rip¬ 
ples in the field potentials when neurons are more depo¬ 
larized and fired more frequently. This is documented in 
Fig. 7.52 depicting a fast-rhythmic-bursting neuron, but 
was observed in a great majority of recordings from all 
neuronal classes. 
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Figure 7.49. The cortical slow oscillation groups thalamically generated spindles. CAT top , intracellular 
recording in cat under urethane anesthesia from area 7 (1.5 mm depth). Electrophysiological identification 
(at right) shows orthodromic response to stimulation of thalamic centrolateral (CL) intralaminar nucleus 
and antidromic response to stimulation of lateroposterior (LP) nucleus. Note slow oscillation of neuron and 
related EEC waves. One cycle of the slow oscillation is framed in dots. Part marked by horizontal bar below 
the intracellular trace (at left) is expanded above (right) to show spindles following the depolarizing enve¬ 
lope of the slow oscillation. CAT bottom left , dual simultaneous intracellular recordings from right and left cor¬ 
tical area 4. Note spindle during the depolarizing envelope of the slow oscillation and synchronization of 
EEG when both neurons synchronously display prolonged hyperpolarizations. HUMAN, the K-complex 
(KC) in natural sleep. Scalp monopolar recordings with respect to the contralateral ear are shown (see fig¬ 
urine). Traces show a short episode from a stage 3 non-REM sleep. The two arrows point to two KCs, consist¬ 
ing of a surface-positive wave, followed (or not) by a sequence of spindle (sigma) waves. Note the synchrony 
of KCs in all recorded sites. Below, frequency decomposition of the electrical activity from C3 lead (see head 
figurine with leads) into three frequency bands: slow oscillation (S, 0-1 Hz), delta waves (A, 1-4 Hz), and 
spindles (a, 12-15 Hz). Modified from Steriade et al (1993f and 1994b, CAT) and from Amzicaand Steriade 
(1997, HUMAN). 



322 


CHAPTER 7 



B 

KC + delta ThCx 



C 






Figure 7.50. Coalescence of the depolarizing phase of the slow oscillation (K-complex, KC) with other 
sleep rhythms. In the left column, field potential and intracellular recording. In the right column, 
scheme of the circuit involved in the generation of the respective EEG pattern. The synaptic projections 
are indicated with small letters, corresponding to the arrows at left, which indicate the time sequence of 
the events. A, combination of a KC with a spindle sequence. A KC in the cortex (Cx) travels through the 
corticothalamic pathway (a) and triggers in the thalamic reticular nucleus (RE) a spindle sequence that 
is transferred to thalamocortical cells ( ThCx) of the dorsal thalamus (b) and thereafter back to the cortex 
(c) where it shapes the tail of the KC. B, modulation of a KC by a sequence of clock-like delta waves origi¬ 
nating in the thalamus. The KC travels along the corticothalamic pathway (a') eliciting an excitatory 
postsynaptic potential (EPSP) curtailed by an inhibitory postsynaptic potential (IPSP) produced along 
the cortico-RE (a) and RE-ThCx (b) projections. The hyperpolarization of the thalamocortical cell gen¬ 
erates a sequence of low-threshold potentials crowned by high-frequency spike-bursts at delta frequency 
that may reach the cortex through the thalamocortical link (c). C, modulation of a KC by a sequence of 
delta waves originating in the cortex. When the KC impinges upon bursting cells (d), it triggers a series of 
rhythmic bursts of spikes at delta frequency that may have a greater impact on target cells (d') than single 
action potentials, thus synchronizing several neurons whose membrane potentials will be reflected in 
local field potentials as delta waves. From Amzica and Steriade (2002). 



A 



Figure 7.51. Fast waves (gamma band, ~40 Hz), superimposed 
on the excitatory phase of the slow oscillation, occurring in- 
phase at various cortical depths and crowned by action poten¬ 
tials in both superficial and deep cortical layers. Cat under 
ketamine-xylazine anesthesia. A, simultaneous recording 
through a ring placed on the surface of anterior suprasylvian 
area 5 and through a microelectrode picking up local field 
potentials and unit discharges at 0.15 mm from the surface. 
Period marked by horizontal bar (asterisk) is expanded below. 
At right, spike-triggered average (STA); 50 sweeps with waves at 
the surface and 0.15 mm, 80 ms before and after the action 
potentials. B, same track with microelectrode at a depth of 
0.7 mm. Below the original traces, activity was filtered between 
15 and 80 Hz to show reduction or disappearance of fast waves 


during the depth-positive component of the slow oscillation 
(reflecting cells’ hyperpolarization). The part marked by the 
horizontal bar (asterisk) is expanded below (left). The top and 
bottom traces represent the nonfiltered traces from the sur¬ 
face and depth, while the middle traces represent the same 
waves after filtering (15-80 Hz) and increasing their ampli¬ 
tudes to show 40-Hz activity. At right, STA (50 sweeps, as in A), 
showing in-phase relation, with the surface lagging the depth 
by 2-3 ms, as in A. Note that the prolonged surface negativity 
of the slow oscillation reversed in polarity at 0.7 mm, whereas 
fast oscillations were in-phase. Also, at both 0.15 mm (where 
the slow oscillation was not yet reversed) and 0.7 mm, neu¬ 
ronal discharges were consistently associated with focal nega¬ 
tive waves of the fast oscillation. From Sterb 
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7.3. Abnormal Oscillations dining 
Non-REM Sleep 


7.3.1. Electrical Seizures Developing from 
NREM Sleep Oscillations 


[148] Steriade (2003a). 


[149] Mahowald and 
Schenck (1997). 


[150] The Lennox-Gastaut 
syndrome is a clinical entity 
related to infantile spasms 
and to the EEG notion of 
hypsarrhythmia. 

[151] Halasz (1991) ; 
Niedermeyer (1999b-c). 


The most common abnormal developments of NREM 
sleep oscillations are electrographic paroxysms that 
accompany different types of clinical seizures. As this was 
the topic of a recent monograph on sleep and epilepsy 
[148], we will only briefly mention some major aspects. 

Epileptic seizures of different types preferentially 
occur during NREM sleep, whereas REM sleep is a rela¬ 
tively nonepileptic state [149]. Both low-frequency rhythms 
(0.5-1 Hz and 7-15 Hz), that is, slow oscillation and spin¬ 
dles, respectively, and very fast (ripples, 80-200 Hz) oscilla¬ 
tions may develop into paroxysmal discharges. 

The spontaneous development of the slow oscillation 
into paroxysmal discharges similar to the electrographic 
correlates of Lennox-Gastaut syndrome [150] is illustrated 
with intracellular recording from a neocortical neuron in 
Fig. 7.53, Clinically, the close relation between NREM sleep 
and Lennox-Gastaut syndrome is firmly established [151]. 
At the EEG level, this paroxysmal pattern is characterized 
by spike-wave (SW) complexes at 1.5-3 Hz and fast runs at 
10-20 Hz. The amplitude of the membrane potential from 
hyperpolarized to depolarized levels increased from the 
slow oscillation (—0.9 Hz) during the preseizure epoch to 
that during the electrographic paroxysm. The shift from 
the depolarized to hyperpolarized membrane potential was 
also steeper. During the initial part of the seizure, charac¬ 
terized by SW and polyspike-wave (PSW) complexes, the 
action potentials were partially inactivated and the AHP 
disappeared. The following period, with fast runs, was char¬ 
acterized by EEG “spikes” at 10-20 Hz and, at the neuronal 
level, a tonically depolarized membrane potential. The end 
of the seizure was associated with a short period of hyper¬ 
polarization. What Fig. 7.53 emphasizes is the basically sim¬ 
ilar field-cellular relation in sleep and seizure patterns. 
During the slow oscillation, there was a close time-relation 
between the depolarizing component of the neuron and 


Figure 7.52. Progressively increased amplitude of very fast oscillations (ripples, 80-200 Hz) with 
increased depolarization of cortical neurons during the slow oscillation. Cat under ketamine-xylazine 
anesthesia. Intracellular and depth-EEG recordings from area 7. Top panel illustrates an epoch with the 
slow oscillation (0.6-4).7 Hz). The neuron was a fast-rhythmic-bursting (FRB) neuron; see electrophysio- 
logical identification of this neuronal type at bottom right. Below the EEG trace, a filtered trace 
(80—200 Hz) is also shown. Part indicated by horizontal bar and arrow is expanded below and the cycle at 
left is further expanded at the bottom. Note, in the bottom left panel, the progressively increased ampli¬ 
tude of ripples in EEG field potentials, in parallel with neuronal depolarization and increased frequency 
of action potentials. From Grenier et al (2001). 
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Figure 7.53. Spontaneously occurring seizure, developing with¬ 
out discontinuity from slow sleep oscillation. Intracellular 
recording from area 5 regular-spiking neuron together with 
depth-EEG from the vicinity in area 5, in cat under 
ketamine-xylazine anesthesia. A, smooth transition from slow 
oscillation to complex seizure consisting of spike-wave (SW) 
complexes at approximately 2 Hz and fast runs at approxi¬ 
mately 15 Hz. The seizure lasted for approximately 25 s. 
Epochs of slow oscillation preceding the seizure, SW com¬ 
plexes, and fast runs are indicated and expanded below. Note 
postictal depression (hyperpolarization) in the intracellularly 
recorded neuron (~6s), associated with suppression of EEG 


slow oscillation (compare to left part of trace). B, wave- 
triggered-average during the slow oscillation, at the beginning 
of seizure and during the middle part of seizure. Averaged 
activity was triggered by the steepest part of the depolarizing 
component in cortical neuron (dotted lines), during the three 
epochs. The depth-negative field component of the slow oscil¬ 
lation (associated with cell’s depolarization) is termed K-com- 
plex. During the seizure, the depolarizing component reaches 
the level of a paroxysmal depolarizing shift (PDS), associated 
with an EEG spike. Note fast runs developing upon a plateau of 
depolarization during the SW seizure. From Steriade et at 
(1998a). 

















[152] Steriade et al 
(1998a). 

[153] Kellaway (1985); 
Kellaway et al (1990). 

These studies were 
performed during NREM 
sleep in humans. The 
relation between spindles 
and SW seizures elicited by 
systemically administered 
penicillin was also observed 
in an experimental model, 
the feline generalized 
penicillin epilepsy (reviewed 
in Gloor et at, 1990; 
Kostopoulos, 2000), in 
which spindles were totally 
replaced by sequences of 
SW discharges. At variance, 
both spindles and SW com¬ 
plexes are present during 
the natural SWS in humans 
(Kellaway et al , 1990). 

[154] Steriade and 
Contreras (1995). These 
data demonstrated that the 
majority of TC neurons are 
steadily hyperpolarized and 
display phasic IPSPs during 
SW seizures, but no spike- 
bursts, due to the faithful 
following of all paroxysmal 
depolarizing shifts in cortical 
neurons by GABAergic 
reticular neurons (see also 
Slaght et al , 2002). These 
data have been confirmed 
by Pinault et al (1998) in a 
genetic rat model of 
absence epilepsy. See a 
comprehensive review on 
this topic by Crunelli and 
Leresche (2002). 

[155] Marcus et al 
(1968a-b); Steriade and 
Contreras (1998). 

[156] Steriade (1974). 

[157] Steriade and Amzica 
(1994); Neckelmann etal 
(1998). The cortical origin 
of SW seizures was recently 
corroborated in a genetic 
rat model of absence 
epilepsy (Meeren etal , 
2002). In the latter study, 
the important observation 
was made that cortical SW 
seizures could sometimes 
occur without concomitant 
thalamic SW discharges, 


the depth-negative cortical field potential (called KC). 
During seizure, the depolarizing component increased in 
amplitude, reaching the level of paroxysmal depolarizing 
shifts (PDSs). As well, there was an increased frequencies of 
PDSs (EEG “spikes”), compared to the frequency of the 
slow sleep oscillation (—0.9 Hz), to become SW complexes 
at approximately 2-3 Hz [152]. 

The other major NREM sleep oscillation, spindles, 
can also lead to SW discharges, as seen in absence (petit- 
mal) of epilepsy [153]. These relations between spindles 
and SW seizures are valid in intact-brain animals, in which 
only a minority of TC neurons may fire low-threshold 
spike-bursts during SW seizures [154], but the minimal 
substrate for generation of these seizures is the neocortex 
as they occur in thalamectomized preparations in which 
spindles are absent [155]. Indeed, SW seizures originate in 
cortex, and even in circumscribed pools of cortical neu¬ 
rons, sometime without reflection at the cortical surface 
[156], and they are transferred to adjacent and more distant 
cortical areas before they reach the thalamus [157]. The 
conclusion of these studies is that the cortex alone can 
generate SW seizures, while this is not the case with the 
thalamus [157-158]. 

The occurrence of very fast oscillations (ripples, 
80-200 Hz) over the depolarizing phase of the slow sleep 
oscillation was discussed in Sections 7.1.4 and 7.3.3.5. That 
ripples recorded during the slow sleep oscillation could 
play a role in initiating seizures is suggested by strong cor¬ 
relation between neuronal excitation and the intensity of 
ripples and their presence at the transition between nor¬ 
mal and paroxysmal activity [159]. Also, halo thane antago¬ 
nizes both ripples and seizures [159]. Ripples of strong 
amplitude are present from the very onset of the transition 
between normal and paroxysmal activities (Fig. 7.54). 


7.3.2. Burst-Suppression 

In humans, the pattern of EEG burst-suppression 
appears in the cortex infiltrated with tumors, after trauma 
associated with cerebral anoxia, during coma with dissolu¬ 
tion of cerebral function [160], but also in deeply anes¬ 
thetized animals [161], and consists of sequences of 
high-amplitude waves alternating with periods of electrical 
silence. The neuronal substrate of this EEG pattern was 
recently described, using intracellular recordings in cats by 
administration of the same anesthetic on a background of 
already synchronized activity or by administering other anes¬ 
thetic agents after the initial anesthesia [162]. Briefly, the 
membrane potential of neocortical neurons hyperpolarizes 
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Figure 7.54. Intrinsically-bursting neuron firing in relation 
with ripples during seizures. Intracellular and field potential 
recordings from area 5 in cat under ketamine-xylazine 
anesthesia. The top panel depicts an epoch comprising an 
entire seizure along with the EEC trace filtered between 
80-200 Hz. The neuron was an intrinsically-bursting cell as 
revealed by its response to depolarizing current pulse (bottom 
left panel). The beginning of the seizure (underlined epoch) 


is expanded in the middle panel. The neuron fired in phase 
with ripples, but its bursting tendency probably accounts for 
spikes occurring also out of phase (bottom middle panel), 
and for the interspike interval histogram showing a peak at 
3.5 ms (bottom right plot). Note, in the middle panel, 
increased amplitudes of ripples at the very onset of seizure, 
developing from the slow oscillation. Modified from Grenier 
et al (2003). 








whereas the reverse was 
never observed (see [154]). 

[158] The concept of a 
deeply located “centren- 
cephalic” system was 
postulated by Jasper and 
Kershman (1941) and 
Penfield and Jasper (1954). 
It was also claimed that 
“absence” seizures were 
induced in cortex by 
electrical stimulation of 
midline thalamic nuclei at 
3 Hz, at a critical level of 
barbiturate anesthesia 
(Jasper and Drooglever- 
Fortuyn, 1949). In that 
study, only SW-like responses 
were evoked in cortex, but 
no self-sustained activity. As 
to the existence of a 
“centrencephalic” system, 
which would produce bilat¬ 
erally synchronous SW 
complexes, it should be 
stressed that there are no 
bilaterally projecting 
thalamic neurons. 

[159] Grenier etal (2003). 

[160] Fischer-Williams 
(1963); Stockard et at 
(1975); Bauer and 
Niedermeyer (1979). 

[161] Swank (1949). 

[162] Steriade et al 
(1994a). 


[163] Greenstein etal 
(1988); Pavlides and 
Winson (1989); Wilson and 
McNaughton (1994); Qin 
etal (1997); Buzsaki (1998, 
2002 ). 

[164] Pavlov (1923). 

[165] Eccles (1961). 

[166] Steriade et al 
(2001a); Timofeev et al. 
(2001b). 

[167] Reviewed in Steriade 
(2001a,b). 

[168] Steriade etal 
(1993b,d). 


[169] Maquet etal (1997). 


by approximately 10 mV before any EEG change announc¬ 
ing the transition from the normal slow sleep oscillation to 
burst-suppression. During flat EEG periods (suppression 
epochs), the apparent input resistance decreases and neu¬ 
ronal responsiveness to synaptic volleys is dramatically 
reduced. In contrast with the consistent behavior of all tested 
cortical neurons, only 60-70% of thalamic relay cells cease 
firing during periods of flat EEG activity [162]. We hypothe¬ 
sized that the full-blown burst-suppression pattern is 
achieved through complete disconnection of brain circuits 
and this assumption was corroborated by revival of normal 
EEG and neuronal activities after stimuli setting into action 
cortical and thalamic networks. 


7,4. Plastic Changes in Thalamocortical 
Systems during Sleep and Waking 
Oscillations 


Plasticity can be defined as an alteration in neuronal 
responsiveness and in the strength of connections among 
neurons, which depends on the history of a given neuronal 
circuit, a mechanism through which information is stored. 

We will focus on experimental data in the thalamus and 
neocortex, placing emphasis on neuronal plasticity that 
occurs during and outlasting sleep and waking oscillations. 
While the effects of activities (some of them in the theta fre¬ 
quency range) occurring in rodent hippocampus on plastic¬ 
ity and consolidation of memory processes have been 
hypothesized and intensively investigated during the past 
decade [163], the effects of NREM sleep oscillations on 
neuronal plasticity in the thalamus and neocortex have 
been hindered by traditional views that considered sleep as 
associated with global cortical inhibition [164] that pro¬ 
duces an “abject annihilation of consciousness” [165]. 
However, recent intracellular recordings during natural 
states of vigilance of behaving cats demonstrate that neocor- 
tical neurons display a rich spontaneous activity during 
NREM sleep [166], despite the fact that, simultaneously, the 
thalamus undergoes a global inhibition that prevents the 
transfer of signals from the external world to the neocortex 
[167]. These data suggest that, during NREM sleep, cortico- 
cortical operations are preserved and may lead to reorgani¬ 
zation and specification of neuronal circuits in cortex and 
target structures. This hypothesis [168] was corroborated by 
studies using indicators of neuronal activities during NREM 
sleep in humans, revealing more marked changes in those 
neocortical areas that are implicated in memory tasks and 
decision-making during wakefulness [169]. 
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It has also been demonstrated in humans that the 
overnight improvement of visual discrimination tasks 
requires steps depending on the early night NREM sleep, 
associated with spindles and slow oscillation, which led to the 
conclusion that procedural memory formation is prompted 
by NREM sleep [170]. It was suggested that a massive Ca 2+ 
entry in cortical pyramidal neurons during low-frequency 
sleep oscillations, such as spindling, may activate a molecular 
“gate” mediated by protein kinase A, opening the door to 
gene expression—this process allowing permanent changes 
to subsequent inputs following sleep spindles [171]. 

In this section, we will present the neuronal substrates 
of plasticity developing from a major oscillation of NREM 
sleep, spindles, and their experimental model, augment¬ 
ing responses. We will also discuss the plastic changes 
occurring following 10-Hz stimuli to TC systems (mimick¬ 
ing sleep spindles) compared to those induced by 40-Hz 
stimulation of callosal pathways (mimicking fast oscilla¬ 
tions in the gamma frequency band that occur during 
brain-active states of wakefulness and REM sleep). 
Although we will mainly present data on cortical plasticity, 
the thalamus is also implicated in this process [172]. 

The data presented below demonstrate that spindle 
oscillations and augmenting responses, known for a long 
time as a model of spindles [173], produce long-lasting 
alterations in tested synaptic responses of thalamic and 
neocortical neurons. First, we will describe the neuronal 
basis of augmenting responses. 


7.4.1. Augmenting or Incremental Responses 

Augmenting responses are thalamically or cortically 
evoked potentials that grow in size during the first stimuli 
at a frequency of 5-15 Hz (optimal frequency being 
~10 Hz), like the waxing of waves at the onset of sponta¬ 
neously occurring spindle sequences. These responses 
have been investigated at the intracellular level in the thal¬ 
amus of decorticated animals [174], the intact neocortex 
of thalamectomized animals [175], or cortical slabs in vivo 
[176], and cortical slices maintained in vitro [177]. Such 
incremental responses have also been investigated in real¬ 
istic models of thalamic and cortical neurons [178]. 

Some remarks are necessary concerning the conven¬ 
tional view that two different types of incremental TC 
responses, augmenting and recruiting, should be distin¬ 
guished. The distinction between two types of incremental 
responses, augmenting and recruiting, was suggested on the 
basis that augmenting responses are elicited in localized 
cortical areas by stimulation of “specific” thalamic nuclei 
and their polarity is positive at the cortical surface, 


[170] Gais etal (2000); 
Stickgold etal. (2000). 

After extensive training on 
a declarative learning task, 
the density of sleep spin¬ 
dles in humans is signifi¬ 
cantly higher as compared 
to nonlearning control task 
(Gais et al, 2002). See a 
comprehensive review on 
sleep and neuronal 
processes of consciousness 
and learning by Hobson 
and Pace-Schott (2002). 

[171] Sejnowski and 
Destexhe (2000). 

[172] Thalamic neurons 
display reorganization after 
deafferentation (Jones, 
2000) and brainstem 
cholinergic stimulation 
produces a prolonged 
enhancement of thalamic 
synaptic responsiveness 
(Pare and Steriade, 1990; 
Pare et al , 1990b). Plasticity 
of TC and thalamic reticu¬ 
lar neurons following low- 
frequency thalamic 
stimulation, in the fre¬ 
quency range of sleep spin¬ 
dles, is discussed in the 
main text. 

[173] Dempsey and 
Morison (1942); Morison 
and Dempsey (1942). In 
their paper, Morison and 
Dempsey referred to a per¬ 
sonal communication by 
Lorente de No who helped 
to explain the “specific” 
augmenting responses with 
restricted cortical distribu¬ 
tion and the “nonspecific” 
recruiting responses with 
broad distribution. In par¬ 
ticular, the recruiting 
responses to intralaminar 
thalamic stimulation were 
attributed to “cell groups, 
not ordinarily thought of as 
projection nuclei (that) 
send fibers to the cortex 
which make more diffuse 
connections than do the 
specific projection fibers, 
and may be especially rich 
in association areas” 
(Morison and Dempsey, 
1942, p. 291). 



[174] Steriade and 
Timofeev (1997). 

[175] Steriade etal 

(1993f). 

[176] Timofeev et al 
( 2002 ). 

[177] Castro-Alamancos 
and Connors (1996a-b) 

[178] Bazhenov et al 
(1998a-b); Houweling et al 
( 2002 ). 

[179] Spencer and 
Brookhart (1961a-b). 


[180] Purpura ^al (1964); 
Creutzfeldt et al (1966). 


[181] Morin and Steriade 
(1981). 


[182] Steriade (1978). 


[183] Ferster and 
Lindstrom (1986). 


whereas recruiting responses are elicited by stimulation of 
“nonspecific” thalamic nuclei, are negative at the cortical 
surface, and occur with a longer latency than that of aug¬ 
menting responses [173]. 

Depth-profile analyses indicate that the surface- 
positivity of the augmenting response results from excita¬ 
tory TC inputs that create sinks mostly in mid-layers 
(IV-III), with current flow along the vertical core conduc¬ 
tors represented by the apical dendrites of pyramidal neu¬ 
rons [179]. During the 1960s, it was postulated that the 
basic mechanism of augmenting responses is an increased 
secondary depolarization and an attenuation of hyperpo- 
larizing potentials beginning with the second stimulus in 
the pulse-train [180] (concerning the attenuation of hyper¬ 
polarization, see below more recent data). The increased 
amplitude of the depth-negative secondary excitatory com¬ 
ponent is associated, during the augmenting process, with 
decreased amplitude of the primary excitatory component 
(Fig. 7.55) [181]. Such a differential evolution of focal 
waves in the cortical depth is paralleled by an increased 
number of spike discharges superimposed on the second¬ 
ary (augmented) field potential. Simultaneously, there is a 
decreased probability of unit discharges associated with the 
primary TC excitation. This phenomenon was observed in 
both somatosensory and parietal association cortices 
(Fig. 7.56) [182]. That the augmenting potential develops 
simultaneously with a reduced amplitude primary response 
was confirmed in an analysis of augmentation in the visual 
cortex [183]. Since maximal augmentation develops when 
the second stimulus is delivered at time-intervals of 
60-120 ms following the first stimulus (see Fig. 7.55C), that 
is, at a time when cortical neurons are in a hyperpolarized 
state after the initial excitation induced by the first stimu¬ 
lus, the augmented wave may well reflect a summation of 
low-threshold rebound spikes (LTSs) de-in activated by 
hyperpolarization (see Chapter 5). In support of this 
assumption, the second stimulus in the train fails to elicit 
an augmenting potential when delivered after the postin- 
hibitory rebound potential induced by the first stimulus 
(see Fig. 7.55C), because of the refractory phase of the 
LTS. While inhibitory-rebound phenomena at the thalamic 
stimulated site may play a role in cortical augmentation 
(see below recent intracellular data in [174]), the cerebral 
cortex has the required circuitry to generate augmenting 
responses in the absence of the thalamus. This was shown 
by eliciting augmenting responses in the somatosensory 
cortex to direct stimulation of radiation axons in prepara¬ 
tions with destruction of ventrobasal thalamus [181]. 
Similarly, the visual cortex may display augmenting 
responses by antidromic activation of corticogeniculate 
axons after destruction of the LG nucleus [183], 
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Figure 7.55. Primary and augmenting responses of primary somatosensory (SI) cortex by stimulating the 
ventroposterior (VP) thalamic complex in the encephale isolecal. 50-averaged traces. A, surface recording 
of responses evoked by 1/s and 10/s VP stimulation; responses consist of 5 components (numbered 1 to 
5); note unchanged presynaptic (1) component. B, another encephale isole cat; depth (0.7 mm) recording 
of the first, second, and third response to a pulse-train at 10/s; presynaptic deflection was not evident in 
this case; note, during augmentation, reduced amplitude of early postsynaptic rapid components and pro¬ 
tracted duration of the slow negative wave. C, depth (0.5 mm) recording of responses to single VP stimu¬ 
lus (first trace) and to paired VP stimuli separated by 60, 100, 140, and 180 ms. Rebound component 
(peak latency: 150 ms) indicated by arrow on the first trace. Modified from Morin and Steriade (1981). 


Concerning recruiting responses, the initial negativity 
at the cortical surface that distinguishes the recruiting 
from the augmenting responses is due to the superficial 
projection over cortical layer I of those thalamic nuclei 
whose stimulation characteristically induces recruiting. 
This applies to the three main recruiting systems: the 
centrolateral-paracentral (CL-PC) rostral intralaminar 
nuclei, the ventromedial (VM) nucleus, and the 
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Figure 7.56. Increased secondary excitation during thalamocortical augmenting responses in the 
encephale isole cats. A, neuron recorded from parietal association cortex, simultaneously with focal waves. 
Two 100-ms-delayed shocks applied to the lateral posterior (LP) thalamic nucleus. Top:50-averaged 
traces of focal waves; bottom: 50-sweep dotgram (each dot represents one action potential). Note that the 
response to the second stimulus had decreased amplitude of the early slow depolarizing field potential 
(right arrows) and decreased probability of firing in the first part of the unitary response, whereas the 
second depolarizing field potential (oblique arrows) increased in amplitude and there was an increased 
number of repetitive discharges. B, augmentation phenomenon in primary somatosensory (SI) cortex 
by stimulating at 10/s the ventrobasal (VB) thalamic complex and the white matter (WM) underlying SI 
cortex after destruction of the VB complex. Poststimulus histograms (2-ms bins) of unit discharges 
pooled on a bin-by-bin basis in a group of 12 VB-driven and 7 WM-driven units. Testing VB and WM stim¬ 
uli applied at time 0 on the abscissa. S, stimulus number (first stimulus in the train and second stimulus 
delayed by 100 ms). R, responsiveness (total number of discharges to 100 stimuli). Ratios indicate the 
probability of evoked discharges in the 0-6 ms bins (primary excitation) over the probability of dis¬ 
charges in 8-16 ms bins (secondary excitation). Modified from Steriade et al (1978) and Steriade and 
Morin (1981). 
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[188] Sasaki etal (1970, 
1975); Steriade et al 
(1978). 


ventroanterior (VA) nucleus [184]. While CL-PC intralam¬ 
inar and VM nuclei project diffusely over the cerebral cor¬ 
tex, the projection of VA nucleus is more restricted and 
primarily directed to the anterior parietal region [185]. 
The surface-negativity of the VM-evoked recruiting 
response and its superficial (0.25-0.3 mm) reversal, 
together with the reduction in amplitude of the surface¬ 
negative wave by cortical superfusion with manganese, indi¬ 
cated that direct depolarizing actions of VM-cortical axons 
are exerted on apical dendrites reaching layer I [186], 
Similar superficial depolarizing actions are postulated for 
CL-cortical [187] and VA-cortical [188] recruiting systems. 
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Laminar analyses show that augmenting TC potentials 
are homologous with type I (surface-positive) cortical spin¬ 
dles, whereas recruiting responses are homologous with 
type II (surface-negative) spindles [179]. The mixed pat¬ 
tern of waves within spindle sequences, with both type I 
and type II components, is due to afferent connections to 
cortical areas from multiple thalamic nuclei that project to 
mid-layers IV-III and to the superficial layer I. For exam¬ 
ple, the parietal association area 5 of cat receives TC axons 
from three main nuclei: the lateroposterior (LP) nucleus 
projecting mainly to mid-layers IV-IIT, the VA nucleus pro¬ 
jecting to layer I; and the intralaminar CL nucleus project¬ 
ing to both layers I and VI. In the same corticopontine 
neuron recorded from cat area 5, LP-evoked discharges are 
superimposed upon augmenting (depth-negative) poten¬ 
tials, whereas VA-evoked discharges are superimposed 
upon recruiting (depth-positive) potentials (Fig. 7.57). 

In reality, augmenting and recruiting responses are 
not so distinct. Many evidence point in this direction. The 
longer latency of recruiting responses suggested a “diffuse 



Figure 7.57. Synaptic excitation of a corticopontine neuron from two thalamic nuclei inducing augment¬ 
ing and recruiting responses in the parietal association cortex of chronically implanted cat. Top: 
antidromic responses of cortical neuron by stimulation of pontine nuclei (PN) with 4-shock train (only 
the first shock is marked by dot). Arrowheads in left superimposition indicate break between initial seg¬ 
ment (IS) and somatodendritic (SD) spikes. Right superimposition depicts collisions of responses to the 
first shock with 3 spontaneously (S) occurring discharges. Middle: synaptic ally evoked discharges of the 
same neuron by stimulating the lateral posterior (LP) and ventroanterior (VA) thalamic nuclei. Bottom: 
50-averaged sweeps of field potentials evoked by LP and VA thalamic stimulation with 2 stimuli separated 
by 100 ms. Unit discharges were cut off. Note depth-negative augmenting responses induced by LP stim¬ 
uli (reflecting the prevalent mid-layers termination of LP-cortical axons) and depth-positive recruiting 
responses induced by VA stimuli (reflecting the prevalent termination of VA axons in the superficial 
cortical layers). Modified from Steriade et at (1978). 
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multineuronal system,” with intralaminar nuclei serving as 
an intrathalamic association system and the thalamic retic¬ 
ular nucleus as a final step in the course of influxes to the 
cerebral cortex [189]. However, it is known since Ramon y 
Cajal [190] that reticular nucleus does not project to cor¬ 
tex, that there are virtually no direct pathways linking dif¬ 
ferent dorsal thalamic nuclei [185], that the longer latency 
of cortical recruiting responses is not due to the intrathala¬ 
mic spread of multisynaptic activity but to slower conduc¬ 
tion velocities of axons from some thalamic nuclei 
projecting directly to the neocortex [191], and that some 
recruiting (depth-positive) responses may display latencies 
as short as those of augmenting (depth-negative) responses 
[192]. There are no pure augmenting or recruiting 
responses as most are mixed responses, with augmenting 
preceding the recruiting or vice-versa [179], because of the 
multilaminar distribution of thalamic projections to cortex 
(see above). Therefore, the distinction between augment¬ 
ing and recruiting responses is no longer necessary and we 
will use throughout this section the term augmenting or 
incremental. 

7,4.2, Plasticity Following Spindles and Their 
Experimental Model, Augmenting 
Responses 

In the thalamus of decorticated cats (Fig. 7.58A), TC 
neurons display two types of augmenting responses to local 
thalamic stimulation at 10 Hz [174]. (a) Low-threshold 
augmenting responses are based on progressively increased 
LTSs, which are de-inactivated by the increasing hyperpo¬ 
larization produced by repetitive stimuli in the train 
(Fig. 7.58B). (b) High-threshold augmenting responses are 
associated with progressively decreased IPSPs elicited by 
successive stimuli in the train and with progressive depolar¬ 
ization of neurons, thus leading to high-threshold spike- 
bursts, with increasing number of action potentials [174]. 
Whereas low-threshold augmentation is due to the parallel 
excitation in a pool of thalamic reticular GABAergic neu¬ 
rons, high-threshold augmenting responses are due to 
decremental responses in a pool of reticular neurons [193]. 

Dual intracellular recordings from TC and cortical 
neurons demonstrated that the augmentation in neocorti- 
cal neurons is expressed by a selective increase in the sec¬ 
ondary depolarizing component of thalamically evoked 
responses as this secondary depolarization follows by 
about 3 ms the postinhibitory spike-burst in simultane¬ 
ously recorded TC neurons (Fig. 7.58C) [192, 194]. Thus, 
cortical augmenting responses primarily depend upon the 
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LTS-type of augmentation and related spike-bursts in TC 
neurons. Deeply lying pyramidal neurons, and especially 
FRB cells with thalamic projections (see Chapter 5, 
Section 5.6.1), consistently showed a higher propensity, 
shorter latencies, and greater number of action potentials 
during augmenting responses compared to more superfi¬ 
cially located neurons. 

Augmenting responses and spindles are associated 
with short-term plasticity processes. During repetitive thal¬ 
amic stimuli at 10 Hz in decorticated animals, the IPSPs of 
TC neurons are progressively diminished (Fig. 7.59) 
[195] Grenier et at (2002). [195]. Conversely, the depolarization area of augmenting 

responses increases continuously with the repetition of 
pulse-trains at 10 Hz (Fig. 7.60) [192]. Similar data can be 
elicited by using testing stimuli to the neocortex. After 
spontaneously occurring spindle sequences, single-spike 
responses of cortical association neurons evoked by stimu¬ 
lating the same cortical area, are transformed into greatly 
increased responses—a potentiation that lasts for several 
minutes (Fig. 7.61) [176]. The same phenomenon occurs 
when mimicking spontaneously occurring spindles with 
pulse-trains within the frequency range (10 Hz) of spin¬ 
dles. In the cerebral cortex of animals with ipsilateral thal¬ 
amectomy, augmenting responses progressively develop 
with the depolarization of membrane potential, and the 
spike-bursts acquire more and more action potentials, 
eventually developing into self-sustained paroxysmal 


Figure 7.58. Augmenting responses in thalamic neurons and in thalamocortical (TC) systems. A, 
hemidecortication (ipsilateral to thalamic recordings) and cut of corpus callosum. Nissl-stained section. 
Abbreviations:AV, AM, CL, RE, VL, and VM, anteroventral, anteromedial, centrolateral, reticular, ventro¬ 
lateral, and ventromedial thalamic nuclei; CA, caudate nucleus; CC, corpus callosum; F, fornix; A1 and 
Abl, lateral and basolateral nuclei of amygdala; CLS, claustrum; CP, globus pallidus; OT, optic tract; s.rh., 
rhinal sulcus (arrowhead). B, intrathalamic augmenting responses in decorticated cat (see A). 
Intracellular recordings from the thalamic ventrolateral (VL) nucleus under ketamine—xylazine anesthe¬ 
sia show low-threshold augmenting responses of VL cell developing from progressive increase in IPSP- 
rebound sequences and followed by a self-sustained spindle. Arrow indicates expanded spike-burst 
(action potentials truncated). The part marked by horizontal bar and indicating augmenting responses 
is expanded at right. During thalamically-evoked augmenting responses, the cortical augmented compo¬ 
nent (secondary depolarization, b) follows the rebound spike-burst in TC neuron, and the 
depolarization area in cortical neuron increases as a function of number of action potentials in the 
rebound spike-burst of TC cell. C, dual intracellular recording from cortical area 4 and thalamic VL 
nucleus in cat under ketamine-xylazine anesthesia. Below , average of second and third responses in corti¬ 
cal and VL cells. The area of secondary depolarization in cortical neuron (b), which develops during 
augmentation, is marked by dots. Right plot, area of secondary depolarization of cortical cell as a function 
of the number of stimuli in the pulse-trains (the line represents the mean). In a sample of 92 cells, the 
maximum number of fast spikes of TC cells triggered by the LTS occurred at the third to fifth stimuli. 
After having reached the maximum, the number of spikes in TC cells could decrease. The area of sec¬ 
ondary depolarization of cortical cells also reached levels dose to saturation at the third to fifth stimuli; 
however, the decrease of the depolarizing area in cortical cells was only exceptionally observed. This sug¬ 
gests that high levels of cortical excitability may be maintained by intracortical mechanisms. Modified 
from Steriade and Timofeev (1997, A-B) and Steriade et at (1998c, C). 
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Figure 7.59. Decremental effect of repetitive thalamic stimulation on inhibitory postsynaptic potentials 
(IPSPs) in thalamocortical (TC) neurons during augmenting stimulation. Cat under ketamine-xylazine 
anesthesia. Intracellular recording of a TC cell from ventrolateral (VL) nucleus. VL stimulation with 
trains of 5 stimuli at 10 Hz with different time intervals between the trains. In panel A, pulse-trains are 
given every 5 s, while in panel B the period is 1 s. In the bottom left panel, the responses to the first and 
sixth pulse-trains, and the responses to the first and 26th pulse-trains are superimposed. The decremen¬ 
tal effect on evoked IPSPs by repetitive stimulation is plotted at bottom right. The V m at 5 ms before the 
fifth shock in each train is plotted for series of stimulation of different periods (trains every 1, 2, 3, and 
5 s). The impact of repetitive stimulation on the IPSPs is very strong at a period of 1 s, while at 5 s there is 
almost no effect. Note that the decrease in evoked IPSP eventually led to the disappearance of the 
rebound low-threshold spike (26th train, bottom left panel). Modified from Grenier et al (2002). 
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Figure 7.60. Short-term plasticity from repetitive intrathalamic augmenting responses of the high-thresh- 
old type. Intracellular recording of ventrolateral (VL) neuron in cat with ipsilateral hemidecortication 
and callosal cut (as in Fig. 7.55A). Ketamine-xylazine anesthesia. Progressive and persistent increase in 
the area of depolarization by repeating the pulse-trains. Pulse-trains consisting of five stimuli at 10 Hz 
were applied to the VL every 2 s. The VL cell was recorded under +0.5 nA ( — 60 mV); at rest, the mem¬ 
brane potential was -72 mV. Responses to four pulse-trains (1-4) are illustrated (1 and 2 were separated 
by 2 s; 3 and 4 were also separated by 2 s and followed 14 s after 2). The responses to five-shock train con¬ 
sisted of an early antidromic spike, followed by orthodromic spikes displaying progressive augmentation 
and spike inactivation. Note that, with repetition of pulse-trains, inhibitory postsynaptic potentials 
elicited by preceding stimuli in the train were progressively reduced until their complete obliteration 
and spike-bursts contained more action potentials with spike inactivation. The graph depicts the 
increased area of depolarization from the first to the fifth responses in each pulse-train as well as from 
pulse-train 1 to pulse-trains 3 and 4. From Steriade et al (1998c). 
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discharges, as in a seizure (Fig. 7.62) [175]. Thus, in cor¬ 
tex-intact animals, the cortical networks possess the neces¬ 
sary equipment to develop some forms of augmentation 
even after thalamectomy. As augmenting responses may 
lead to self-sustained paroxysmal activity in thalamec- 
tomized animals (Fig. 7.62A), this finding further 
strengthens the idea that the cerebral cortex is the mini¬ 
mal substrate of major types of seizures. 

The rich spontaneous firing of neocortical neurons 
[127] and the potentiation of synaptic responses following 
repetitive stimulation mimicking oscillations occurring 
during NREM sleep (Figs. 7.61-7.62), together suggest 
that this behavioral state disconnected from the outside 
world may sustain mental events. Repeated spike-bursts 
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Figure 7.61. Cortical augmenting responses lead to long-lasting enhancement of depolarizing responses in intact cortex. Cat 
under barbiturate anesthesia. Intracellular recording from electrophysiologically (left upper panel) and morphologically (left 
middle panel) identified area 7 pyramidal regular-spiking neuron with thin spike (see expanded action potential close to the 
stained neuron). Right panel shows (from top to bottom): control response to a single stimulus to cortex, early responses to 
pulse-trains at 10 Hz, responses to pulse-train with the same parameters applied 12 min later, and response to a single stimulus 
applied 16 min after the onset of rhythmic stimulation. Below, plot showing the amplitude of stimulus-evoked response at 20 ms 
after stimulus onset. Note that initially hyperpolarizing responses became depolarizing after pulse-trains at 10 Hz. From 
Timofeev et al (2002). See also color plate 4. 
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Figure 7.62. Changes in properties of neocortical neuron after 
repetitive callosal stimulation in a thalamically lesioned cat (see 
bottom panel with kainic thalamic lesion, ipsilateral to the 
recorded cortical neuron). Intracellular recording from intrinsi¬ 
cally bursting neuron recorded at 1.5 mm depth in area 7. 
Urethane anesthesia. A, neuronal responses to repetitive stimu¬ 
lation (five-shock trains at 10 Hz, repeated every 3 s) of the 
contralateral area 7. The intracortical augmenting responses to 


the first and eighth trains are illustrated. Note depolarization by 
about 7 mV and increased number of action potentials within 
bursts after repetitive stimulation. Following repeated responses 
to 10 Hz stimuli, spontaneous seizure. Abbreviations in bottom 
panel: CL, LP, RE, and VP, centrolateral, lateroposterior, reticu¬ 
lar and ventroposterior thalamic nuclei. Modified from Steriade 
etal. (1993f). 
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Figure 7.63. Cortically-evoked responses in bursting thalamic neurons of encephale isole cats, leading to 
self-sustained spike-and-wave (SW) complexes. A, a ventrolateral (VL) thalamic cell driven by motor cor¬ 
tex stimulation with five stimuli at 10/s (in 1), delivered every 2 s. Note appearance of “spontaneous” 
bursts resembling the evoked ones at a late stage of stimulation (in 2 and 3). B, effects of stimulation of 
the suprasylvian area 7 with trains of six stimuli at 10/s (as in 1) upon a bursting cell recorded from the 
lateral posterior (LP) thalamic cell. Beginning with the 12th pulse-train, the cell was regularly driven and 
displayed self-sustained rhythmic bursts at 5/s, between cortical pulse-trains. In 3 (28th pulse-train), self- 
sustained SW complexes appeared (arrows). Below, the two ink-written traces represent focal waves in 
the LP nucleus, recorded by the same microelectrode used for unit recording (upper trace, negativity 
upward) and EEG rhythms from the surface of the suprasylvian gyrus (bottom trace). Figures (1-3) on 
the EEG recordings correspond to the periods of stimulation depicted with the same figures in oscillo- 
scopic recordings. The three SW complexes are indicated by arrows on oscilloscopic trace 3 and EEG 
recordings. Modified from Steriade et al (1976) and Steriade (1991). 
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Figure 7.64. Greater facilitation of synaptic responses to callosal stimulation following pulse-trains at 
40 Hz, compared to response potentiation following callosal stimulation with pulse-trains at 10 Hz. Cat 
under barbiturate anesthesia. Intracellular recording from area 5. Upper panel shows superimposed 
responses to homotopic site in contralateral area 5: before rhythmic stimulation (Control), to 10 Hz 
stimuli, after repeated pulse-trains at 10 Hz, to 40 Hz stimuli, and after repeated pulse-trains at 40 Hz. 
Bottom panel shows amplitudes (ordinate) of responses to different periods in the upper panel 
(see arrows). Note greater facilitation after conditioning stimulation at 40 Hz. Unpublished experiments 
by Y. Cisse, I. Timofeev, and M. Steriade (see Steriade etal, 2003). 


evoked by volleys applied to corticothalamic pathways or 
occurring during spontaneous sleep oscillations may lead 
to self-sustained activity patterns resembling those evoked 
in the late stages of stimulation, as in “memory” processes, 

[196] Steriade (1991). eventually leading to paroxysmal events (Fig. 7.63) [196]. 

7.4.3. Potentiation of Cortical Responses 
Following Fast Oscillations 

Experiments in progress have demonstrated a greater 
potentiation of cortical responses to stimulation of callosal 
pathway following 40-Hz stimuli (see Section 7.1.4), com¬ 
pared to the facilitation produced by stimulation with 

[197] Steriade etal (2003). pulse-trains at 10 Hz (Fig. 7.64) [197]. 

7.4.4, Concluding Remarks 

The above data show that naturally occurring, low- 
frequency oscillations during NREM sleep (but also fast 
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oscillations that characterize both NREM and brain-active 
states) and their experimental models, such as augmenting 
responses that mimic sleep spindles, produce progressive 
depolarization in the membrane potential of neocortical 
neurons, increased responsiveness that may be short- or 
medium-range (up to 15 min), self-sustained oscillations 
with the same waveform and frequencies as those of evoked 
responses in prior stages of stimulation, and may develop 
into paroxysmal activity. The full development of these 
alterations is best seen with intact corticothalamic loops, but 
plastic changes in cortical neuronal responsiveness are also 
seen in the absence of thalamus. These results suggest that 
neocortical neurons are the sites of processes leading to 
consolidation of memory traces during NREM sleep. It was 
suggested that early NREM sleep stages favor retention of 
declarative memories, whereas sleep during late night, 
when episodes of REM sleep prevail, favors the retention of 
nondeclarative memories [198]. The role of NREM sleep in 
memory consolidation is substantiated by results using ocu¬ 
lar dominance plasticity during the critical period in cats 
[199] and by potentiation of discrimination tasks in humans 
if the training period is followed by sleep, the enhancement 
correlating more closely to NREM sleep [170, 200]. 


[198] Plihal and Born 
(1997). 

[199] Frank etal (2001). 

[200] Maquet (2001). 
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Brainstem and State dependency 
of Thalamocortical Systems 


We now examine the state dependency of thalamic and corti¬ 
cal neuronal responses to afferent signals, and the underly¬ 
ing mechanisms of the enhanced excitability in those 
neurons during the EEG-activated states of wakefulness and 
REM sleep, compared to EEG-synchronized (NREM) sleep. 
Data showing the striking electrophysiological similarities 
between two behavioral states that were initially considered 
as two poles of the waking-sleep cycle led to the conclusion 
that both waking and REM sleep are brain-activated states, 
notwithstanding great differences in their mental content 
and despite that central motor commands are blocked at the 
spinal motoneuronal level during REM sleep. During 
waking, the increased neuronal responsiveness is associated 
with an increased efficacy of sculpturing inhibition involved 
in discriminatory tasks. We shall examine the control 
exerted by brainstem and forebrain ascending systems upon 
both excitatory and inhibitory processes in the thalamus and 
neocortex. Inhibitory processes have recently begun to be 
investigated at the intracellular level during REM sleep; this 
promising avenue of research may eventually lead to 
substantiate, at a neuronal level, some of the basic psycholog¬ 
ical differences between the two brain-activated states, other¬ 
wise similar from various electrophysiological points of view. 

We first discuss the mechanisms of enhanced synaptic 
excitability in thalamic and cortical neurons to peripheral or 
central stimuli during the state of generalized arousal. In this 
context, we will examine the direct excitation of thalamocor¬ 
tical (TC) neurons by brainstem cholinergic and norepi- 
nephrinergic systems, and the disinhibition of TC neurons 
resulting from the inhibition of GARAergic thalamic reticu¬ 
lar (RE) neurons by brainstem and basal forebrain choliner¬ 
gic systems (Sections 8.1 and 8.2). Thereafter, we deal with 
investigations of neocortical neurons and with selective 
attention from studies using field potentials in humans and 
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unit activities in primates (Section 8.3). Data on electrophys- 
iological processes mediated by two GABA receptors may 
explain the blockage of long-lasting cyclic inhibitions upon 
awakening, with preservation of short-range inhibitory 
processes involved in center-surround antagonism and 
other feature detection properties of central neurons. The 
thalamic and cortical transfer of the brainstem-generated 
signals during dreaming sleep is discussed in Section 8.4. 


8.1. Thalamocortical Neurons 

The thalamus is the first station where synaptic trans¬ 
mission is facilitated during arousal and where blockade of 
incoming messages occurs from the very onset of drowsi¬ 
ness. This was first shown by recording photically evoked 
responses with enhanced amplitudes in the thalamic 
lateral geniculate (LG) nucleus during EEG activation 
produced by midbrain reticular core stimulation, in spite 
of no change in responses simultaneously recorded from 
optic tract fibers [1]. Subsequent studies, using extra- and [1] Steriade and 
intracellularly recorded neuronal responses to peripheral Demetrescu (i960), 
or central stimuli, have confirmed and expanded the 
notion that an enhanced responsiveness in the thalamus 
upon arousal does not depend on modifications of 
excitability in prethalamic relays of specific sensory and 
motor pathways. To a large extent, what goes on in the 
cerebral cortex depends on fluctuations in thalamic 
excitability, and minimal increases in thalamic output may 
generate marked enhancement in cortical responses. 

Data presented below derive from experiments employ¬ 
ing both peripheral sensory stimulation and electrical stim¬ 
uli applied to central pathways. While the latter are 
abnormally synchronous, they allow analytical investigations 
of changes in excitability in thalamic neurons (using testing 
stimuli applied to prethalamic axons) or in cortical neurons 
(by stimulating radiation axons), thus avoiding unknown 
modifications at multiple intercalated synapses, as is the case 
when using natural sensory stimulation. 

First, we discuss changes in background firing of TC 
neurons during different states of vigilance: NREM sleep 
as opposed to both waking and REM sleep. Next, we ana¬ 
lyze the state-dependent responsiveness of TC neurons. 

8.1.1. Two Modes of Spontaneous Firing During 
NREM Sleep and Brain-Active States 


The potentiation of synaptic transmission during 
the two EEG-activated states of waking and REM sleep is 
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[2] Hubei (1960). 


[3] Steriade et al (1971). 


[4] Steriade et al (1985). 

[5] McCarley et al. (1983) 

[6] Glenn and Steriade 
(1982). 

[7] Domich et al (1986). 


[8] Hirsch etal (1983). 


associated with a relative depolarization of thalamic and 
neocortical neurons in both these states that is reflected in 
their modes of spontaneous firing. 

We have discussed in Chapter 5 that the tonic repeti¬ 
tive firing at a relatively depolarized level of membrane 
potential develops into burst firing by displacing the mem¬ 
brane potential of TC cells in a hyperpolarizing direction 
(see Section 5.5.1). Then, the burst of TC neurons is an 
intrinsic property uncovered by the state of hyperpolariza¬ 
tion and the number of spikes within a burst is not related 
to any feature of an incoming message. In other words, the 
bursting mode is associated with a low or null transfer 
function. Conversely, the tonic firing mode during waking 
and REM sleep allow TC neurons to faithfully follow quite 
rapid rates of stimuli and to insure an accurate transfer of 
incoming messages in their route toward the cerebral 
cortex. Since the early 1960s it was shown that thalamic LG 
neurons discharge high-frequency spike bursts during 
EEG-synchronized sleep, a pattern that is not accompa¬ 
nied by similar alterations in the activity of afferent optic 
tract axons [2]. The independence of bursting firing 
mode of TC neurons upon the activity in prethalamic 
afferents was also shown by unchanged interspike interval 
distribution of burst discharges in ventrolateral (VL) thala¬ 
mic neurons after destruction of their input sources, the 
deep cerebellar nuclei [3]. The rhythmic spike bursts of 
TC neurons during EEG-synchronized sleep, compared to 
the tonic firing patterns during waking and REM sleep, is 
illustrated in Fig. 8.1 (see also these two modes of firing, 
bursting and tonic, in intracellular recordings illustrated 
in Fig. 7.10, Chapter 7). The spindle-related rhythmicity of 
spike bursts was documented by autocorrelogram analysis 
[4]. The structure of thalamic bursts was quantitatively 
analyzed in studies of thalamic LG [5], intralaminar cen- 
trolateral-paracentral (CL-PC) [6], and other cortically 
projecting thalamic neurons [7]. That TC neurons are 
hyperpolarized by about 7-10 mV in EEG-synchronized 
sleep, that is the necessary level to de-inactivate the 
low-threshold spike crowned by high-frequency discharges 
(see Chapter 5, Section 5.5.1), was demonstrated using 
intracellular recordings in the naturally sleeping cat [8]. 
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8*1,2. Evoked Potential Studies 

The advantage of using the method of field potentials 
evoked by central stimuli (Fig. 8.2) is that one can monitor 
the magnitude of the incoming volley by measuring the 
amplitude of the presynaptic (or tract, t) deflection and, 
thus, one can ascertain whether changes in the postsynaptic 
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Figure 8.1. Tonic and bursting firing of thalamocortical (TC) neurons during EEG-activated and 
EEG-synchronized behavioral states in the cat. A-B, two thalamic rostral intralaminar centrolateral— 
paracentral (CL-PC) neurons. Note high-frequency spike bursts in EEG-synchronized sleep (S) and 
their replacement by sustained discharges in both behavioral states of waking (W) and EEG-activated 
(desynchronized) sleep (D). C, neuron in the thalamic ventrolateral (VL) nucleus. Ink-written recording: 
VL unit spikes were used to deflect a pen of the EEG machine (each deflection exceeding the common 
level represents a group of high-frequency, >250 Hz, spikes); focal waves simultaneously recorded by the 
same microelectrode are also depicted. Note close time-relation between groups of spike bursts and 
high-amplitude spindles; EEG activation is associated with tonic firing and increased discharge rates. 
Modified from Steriade and Glenn (1982, A-B) and Steriade et at (1971, C). 


(or relayed, r) components of the response are intrinsic to 
the explored structure or depend upon changes in affer¬ 
ent pathways. In this way, it has been demonstrated that 
EEG activation elicited by stimulation of the midbrain 
reticular formation (MRF) or natural awakening from 
EEG-synchronized sleep is accompanied by an increased 
amplitude of the monosynaptic thalamic response evoked 
by prethalamic stimulation, without any measurable 
change in the presynaptic component [9] (Fig. 8.2) (see [9] Steriade (1970). 
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Figure 8.2. Effects of midbrain reticular formation (MRF) stimulation upon thalamic and cortical field 
responses in cat. Evoked potentials in control periods with EEG synchronization (left column) and 
effects of MRF stimulation (right column). In 1, simultaneous recording of field potentials evoked in the 
thalamic lateral geniculate (LG) nucleus and at the surface of the visual cortex (VC) by optic tract stimu¬ 
lation. The LG response consists of a presynaptic (tract, t) component and a monosynaptically relayed 
(r) component. Different components of the VC response are numbered from 1 to 5. Note, during MRF 
stimulation, enhancement of the monosynaptically relayed LG response without alteration in the presy¬ 
naptic deflection; also note the increased amplitude of the VC response. In 2 and 3, same MRF-induced 
potentiation of the VC response with testing stimulation applied to the underlying white matter or to 
deep layers in the VC, respectively. Modified from Steriade (1970). 


[10] Steriade (1991). 


[11] Carli etal (1967). 


[12] Steriade (1969). 


also Fig. 7.29 in Chapter 7, illustrating the obliteration of 
synaptic responses in the thalamus at the very onset of nat¬ 
ural NREM sleep [10]). The idea that the arousal-related 
enhancement in thalamic excitability does not depend 
upon activity in prethalamic relays is supported by absence 
of excitability changes in bulbothalamic somatosensory 
neurons from sleep to wakefulness [11]. 

The increased thalamic output upon arousal results 
in an increased amplitude of simultaneously recorded 
cortical responses (Fig. 8.2). However, cortical facilitation 
is not merely due to facilitation of synaptic transmission 
through specific thalamic relays since a significant potenti¬ 
ation of cortical responses occurs upon MRF stimulation 
even when testing stimuli are applied to the white matter 
just beneath the recorded cortical area or to deep cortical 
layers [9, 12] (Fig. 8.2, panels 2-3). Since there are 
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virtually no direct MRF-cortical projections in cat (see 
Chapter 3, Section 3.4.1.1), two intermediate relays of 
brainstem ascending influxes (other than specific thalamic 
nuclei) account for the facilitation at the cortical level. (1) 
One circuit involves the cholinergic and noncholinergic 
neurons of the basal forebrain and their widespread cortical 
projections. The neurotransmitters and physiological 
actions in the circuit between the brainstem core and the 
basal forebrain [13] have been investigated at the intracel¬ 
lular level after a series of extracellular studies [14]. 
Morphologically, it was reported that the majority of brain¬ 
stem reticular core inputs to cholinergic cells in nucleus 
basalis (NB) of the basal forebrain appear to arise from 
neurons other than the mesopontine cholinergic ones as 
only < 1 % of cholinergic pedunculopontine and laterodor- 
sal tegmental (PPT/LDT) neurons project to NB [15], 
Even if direct PPT/LDT to NB cholinergic-to-cholinergic 
projections were to be thought, acetylcholine (ACh) elicits 
a muscarinic-mediated hyperpolarization of NB cells [16]. 
Among monoamine-containing cells, those of locus 
coeruleus that release norepinephrine exert depolarizing 
actions on NB cells [17]. (2) The other circuit consists of 
the excitatory projections from the upper brainstem retic¬ 
ular core to rostral intralaminar thalamic nuclei [18] that, 
in turn, have excitatory cortical projections [19] to large 
territories, including primary sensory areas. Indeed, stim¬ 
ulation of intralaminar thalamic nuclei potentiates visual 
cortex responses [1] and lesions of those nuclei reduce 
the MRE-induced facilitation to more than 50% of the 
control values [20]. 

The increased responsiveness in thalamic nuclei 
and cortical areas is at least as high during REM sleep as 
during wakefulness, both compared to EEG-synchronized 
sleep [21]. 

The field potentials have also been used to investi¬ 
gate, during waking and sleep states, the fluctuations in 
amplitudes of different components recorded across 
various cortical layers in monkeys and over the scalp in 
humans. 

In monkey, the amplitude of the early surface positivity 
evoked in the primary somatosensory cortex by a cuta¬ 
neous stimulation (PI, latency around 12 ms) varies solely 
as a function of stimulus intensity, whereas the amplitude 
of the surface negativity (Nl) that peaks at a latency of 
50 ms predicts the behavioral discrimination response 
[22]. Current-source-density analyses and multiunit activ¬ 
ities showed that the excitatory events which characterize 
the monkey’s Nl component during waking are replaced 
during EEG-synchronized sleep by a period of inhibition, 
with large current sources through layer III [23]. 


[13] Jones et al (1976); 
Hallanger etal (1988); 
Semba^a/. (1988). 

[14] Earlier extracellular 
data reported excitatory 
responses of cortical 
neurons to stimulation of 
peripallidal and basal 
forebrain areas (Edstrom 
and Phillis, 1980). 
Contradictory results have 
been obtained by 
investigating the action of 
muscarinic and nicotinic 
blockers, administered 
systemically, upon the 
brainstem-induced 
potentiation of electrically 
evoked field responses in 
the visual cortex (Bremer 
and Stoupel, 1959; Singer, 
1979) since the action 
could have been exerted 
either at the thalamic LG 
level or at the cortical level 
(see note [20]). 

[15] Jones and Cuello 
(1989). 

[16] Khateb et al (1997). 

[17] Fort et al (1995). 
Contrary to the 
depolarizing effect on 
cholinergic neurons, 
norepinephrine 
hyperpolarizes and inhibits 
noncholinergic neurons in 
the basal forebrain (Fort 
etal , 1998). 

[18] Steriade and Glenn 
(1982). 

[19] Endo et al (1977). 

[20] Adams et al (1988). 
Those experiments also 
attempted to dissociate the 
thalamic from the cortical 
level of action after 
administration of 
cholinergic blockers (see 
note [14]). 

[21] Steriade etal (1969). 

[22] Kulics (1977); 
Kulics (1982). 

[23] Cauller and Kulics 
(1988). 
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[24] Emerson et al (1988); 
Yamada et al (1988). 


[25] Desmedt et al (1980). 


In humans, the early cortically generated components 
of the somatosensory field potentials are indented by 
multiple fast-frequency (40-50 Hz) potentials that are 
markedly attenuated or totally disappear when the subject 
is in stages II-to-IV of EEG-synchronized sleep; these fast 
potentials return to waking values in REM sleep [24]. 
These data, along with the similar morphology of the 
somatosensory evoked potentials (SEPs) in neonates dur¬ 
ing waking and REM sleep [25], are in line with the 
demonstrated similarity between waking and REM sleep as 
far as the electrophysiological processes of the thalamus 
and cerebral cortex are concerned. 
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[26] Sakakura (1968); 
Steriade et al (1977b); 
Glenn and Steriade (1982). 

[27] Coenen and Vendrik 
(1972). 

[28] Maffei et al (1965a, 
b, c). 

[29] The cholinergic 
nature of the effects 
induced by stimulating the 
upper brainstem reticular 
core was shown by 
Francesconi et al (1988; see 
also intracellular data in 
Section 8.1.4). 

[30] Stimulation of locus 
coeruleus increases the 
spontaneous firing as well 
as the responses of 
thalamic LG neurons to 
optic tract stimulation 
(Kayama et al , 1982), a 
response mediated by 
alpha-1 adrenergic 
receptors (Rogawski and 
Aghajanian, 1982). 

[31] Pape and Eysel 
(1988). Opposite, 
facilitatory effects were 
obtained in vitro by 
McCormick and Prince 
(1988). 

[32] Rivner and Sutin 
(1981). 


8.1.3. Extracellular Recordings 

In general, the results of studies using extracellular 
recordings of thalamic and cortical cells are congruent 
with those obtained by means of field potentials, discussed 
above. 

The synaptic excitability of cortically projecting 
neurons recorded from relay and intralaminar thalamic 
nuclei, tested with central stimuli, is enhanced during both 
EEG-activated behavioral states of waking and REM sleep as 
well as during MRF stimulation [26]. The state-dependent 
transfer properties of TC neurons have been mainly studied 
in the LG nucleus by using different forms of visual stimula¬ 
tion. The transfer ratio of an LG cell was determined in 
“quasi-in tracellular” recordings (that allowed estimations of 
ratios between actions potentials, as output, and “EPSPs,” as 
input) and was found to be twice as high during wakefulness 
compared to EEG-synchronized sleep [27]. During behav¬ 
ioral and EEG signs of wakefulness in the midpontine pre- 
trigeminal preparations, the oscillation of firing rate of 
thalamic LG neurons is the perfect replica of the sine-wave 
photic stimulation, whereas this relation disappears during 
EEG-synchronized sleep even with a Mold increase in the 
amplitude of the intensity of testing stimulation [28]. 

The potentiation of thalamic-cells’ excitability can be 
elicited by setting into motion two neuromodulatory 
systems: cholinergic [29] and norepinephrinergic-NE [30]. 
While the cholinergic excitation was reported in virtually all 
thalamic nuclei so far investigated, the facilitatory effects of 
locus coeruleus stimulation and NE application are more 
controversial. In cat’s LG cells, NE iontophoresis resulted in 
inhibitory effects in 91% of tested LG cells [31] and locus 
coeruleus stimulation inhibits the spontaneous firing and 
the evoked responses of thalamic VL neurons [32]. 

The increased probability of monosynaptic thalamic 
responses upon arousal or MRF stimulation is simultaneous 
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with a decreased probability of spike bursts appearing at a 
longer (5-12 ms) latency [33]. This change in response 
pattern is explained by the depolarization of TC neurons 
during arousal [34], a state during which the low-threshold 
burst response of TC cells is inactivated [35] (see also 
Chapter 5, Section 5.5.1). 

As also observed with field potential recordings, the 
facilitation of synaptically evoked cortical discharges upon 
arousal or MRF stimulation is not merely a result of an 
enhanced output from TC neurons since the potentiation 
at cortical level may be observed even when no change is 
detected in recordings from TC axons just beneath the 
cortex [36] and when testing stimuli are applied to the 
radiation axons after destruction of the appropriate thala¬ 
mic nuclei [37]. The circuits subserving this potentiation 
that bypasses thalamic relay neurons are discussed in 
Section 8.1.2. 


8.1.4. Intracellular Studies 

8.1.4.1. Excitatory Responses 

Under barbiturate anesthesia, MRF stimulation facili¬ 
tates the synaptic transmission of the specific afferent 
inflow through the LG thalamic nucleus, without, how¬ 
ever, exerting direct depolarizing effects on LG cells [38]. 
At that time, the conclusion was that the brainstem- 
induced facilitation of synaptic transmission through the 
thalamus, hypothesized to be cholinergic in nature, is 
exclusively due to a global disinhibition of TC neurons, 
through the inhibition of both thalamic reticular and 
local-circuit inhibitory neurons [39]. It is now known that 
the excitatory effects of ACh on TC neurons are extremely 
sensitive to low doses of barbiturates (see Chapter 6, 
Section 6.1). On the other hand, brainstem reticular stim¬ 
ulation induces a direct and powerful excitation of reticu¬ 
lar thalamic neurons in unanesthetized intact animals (see 
Section 8.2), probably mediated by glutamate release, and 
dendrites of local-circuit inhibitory neurons also seem to be 
excited by ACh application, as inferred from the analysis of 
short-term inhibitory processes in TC cells [40] (see intra¬ 
cellular data in Section 8.1.4.1). These data are hardly rec¬ 
oncilable with the hypothesis of global disinhibition of TC 
neurons upon brainstem reticular stimulation and arousal. 

The effect of stimulating the brainstem cholinergic 
peribrachial (PB) area, which is part of the PPT nucleus or 
Ch5 group, on intracellularly recorded thalamic LG neu¬ 
rons in unanesthetized cats (brainstem-transected prepara¬ 
tions with trigeminal deafferentation) provided evidence 


[33] Filion etal (1971); 
Steriade etal (1971); 
MacLeod et al (1984). 

[34] Curro Dossi et al 
(1991); Steriade et al 
(1991a, 1993a); Timofeev 
etal (1996). 

[35] Steriade (2001c). 


[36] Gucer (1979). 

[37] Steriade and Morin 
(1981). 


[38] Singer (1973). 


[39] Singer (1977, 1979). 


[40] Sillito et al (1983); 
Siliito (1987). 
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[41] Hu et al. (1989b). 


[42] Steriade and 
Deschenes (1988). 


for direct excitation of TC neurons from the brainstem 
reticular core [41]. The brainstem-induced excitation is 
direct, as it was also obtained in animals deprived of their 
retinal and visual cortex inputs. The coactivation of passing 
fibers issuing from the locus coeruleus or other monoamin- 
ergic cell-aggregates was avoided by pretreating the animals 
with reserpine (in fact, the brainstem-LG depolarization 
was enhanced after monoamine depletion; see Fig. 8.3). 

Two types of responses are seen in TC neurons 
recorded from LG neurons after brainstem PB stimula¬ 
tion. (1) An early transient depolarization appears with a 
latency of 20-30 ms, has a duration of 150-300 ms, and is 
interrupted by a short-duration unitary inhibitory postsy- 
naptic potential (IPSP) (Fig. 8.3). This response is the 
intracellular counterpart of the field pontogeniculooccipi- 
tal (PGO) wave in the thalamus. (2) The occurrence of a 
longer-latency (1-2 s), long-lasting (2-5 s) depolarization 
usually requires more than a single PB stimulus [42] 
(Fig. 8.4). While the early depolarization is abolished by 
very low doses of barbiturate (as is the case with the effect 
of ACh application), the late depolarization can be elicited 
under barbiturate anesthesia. 

The late depolarization depicted in Fig. 8.4. is quite 
labile. The constancy of the early depolarization inter¬ 
rupted by a unitary IPSP allowed a detailed investigation. 
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1. At rest (— 60 mV), PB stimulation triggers a 
5-8 mV depolarizing response, transiently interrupted by 
an IPSP, and giving rise to a few spike discharges 
(Fig. 8.5A). The same stimulation leads to long periods of 
tonic discharges when the membrane potential is kept 
slightly depolarized (Fig. 8.5B). This prolonged activa¬ 
tion reflects a voltage-dependent inward current, proba¬ 
bly the persistent Na + current (I Na(p) ) described in 
thalamic neurons (see Chapter 5, Section 5.5.1.4), since 
current pulse injections produce similar protracted fir¬ 
ing when delivered on a background of slight depolariza¬ 
tion (Fig. 8.5C). 

2. The amplitude of the early depolarization and its 
rate of rise increase with membrane hyperpolarization, 
eventually triggering a low-threshold rebound spike 
when the membrane potential is sufficiently negative 
(Fig. 8.6A). The early depolarization is associated with a 
marked drop in input resistance in LG relay neurons 
(Fig. 8.6B). This conductance change is similar to that 
associated with the fast nicotinic excitation observed in 
TC neurons from other thalamic nuclei by stimulating 
another cholinergic neuronal aggregate at the meso- 
pontine junction, the LDT nucleus, and the conductance 
change was abolished by the nicotinic antagonist 
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Figure 8.3. Responses to brainstem peribrachial (PB) stimulation in LG thalamic relay cells of cat. 
Intracellular recordings. A, typical response obtained under urethane anesthesia after reserpine 
treatment. In A3, the cell was slightly hyperpolarized to prevent spike discharges. Note the all-or-none 
character of the I PSP. Responses in B-C were recorded from two LG neurons in a reserpine-treated 
animal with bulbospinal transection and deafferentation of trigeminothalamic pain pathways. Note in C 
the occasional occurrence of a second IPSP and the shift in latency of the first IPSP. Responses in D were 
recorded in a deafferented cat without reserpine treatment. Note the smaller amplitude of the response 
even when a long stimulus train was used (D2). Traces E—F show the responses of two different cells 
recorded in the same animal under urethane anesthesia. Traces E-F were recorded respectively 30 min 
and 5 hr after reserpine administration. Voltage calibration in F applies also in C-D-E. From Hu et al 
(1989b). 


mecamylamine [43] (Fig. 8.7). The rapid nicotinic 
excitation of TC neurons is related to the transmission of 
brainstem-generated PGO potentials through TC sys¬ 
tems. PGO waves appear during natural REM sleep or in 
reserpine-treated animals and are produced by several 
classes of bursting and tonic PPT/LDT neurons (see 
Chapter 10). Reserpine-induced PGO negative field 
potentials in the thalamic LG nucleus are associated 
with 5a short depolarizing response (0.2-0.3 s) of TC 
neurons [44]. 


[43] The increased 
membrane conductance 
during the early nicotinic 
depolarization ranges from 
10% up to 50% in animals 
treated with reserpine to 
avoid costimulation of axons 
arising from locus coeruleus. 
The increased conductance 
is sometimes observed even 
in the absence of overt 
membrane depolarization 
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Figure 8.4. Direct excitation of thalamic LG relay neurons of cat by stimulating the brainstem PB area. 
Intracellular recordings in unanesthetized preparations, brainstem-transected (bulbospinal cut) with 
deafferentation of trigeminothalamic pathways. A and B, a few stimuli to the PB area (arrowheads) 
elicited a short-latency excitation, followed by a long-latency (1-1.5 s) and prolonged (1.5-2.5 s) excita¬ 
tion. C, a series of successive PB-evoked responses (early and late excitations) at a lower speed. Modified 
from Steriade and Deschenes (1988). 


and is reflected by the 
decreased amplitude of the 
voltage deflecdon to a 
hyperpolarizing current 
pulse and by reduction of 
the rebound LTS (Curro 
Dossi et al y 1991). These 
results obtained by 
stimulating synaptic 
brainstem-thalamic 
pathways in vivo are similar 
to the effects elicited by 
applying ACh in vitro 
(McCormick and Prince, 
1987a, b). 

[44] Hu et al (1989c). 


3. The early excitatory response is interrupted by an 
IPSP with a shorter duration (50-60 ms), as illustrated in 
Fig. 8.3. The IPSP that interrupts the early depolarization 
is a Cl~-mediated event, and the reversed response by Cl~ 
injection is made by a series of depolarizing wavelets, sug¬ 
gesting that a bursting element is at the origin of the IPSP 
[41], Since in these acute experimental conditions, the 
brainstem-evoked early depolarization (which is not 
cholinergic) in GABAergic perigeniculate (PG) (RE) neu¬ 
rons does not usually lead to spike discharges (see below, 
Section 8.2), it was postulated that the short-duration IPSP 
evoked in LG relay cells by PB stimulation originates in 
GABAergic intra-LG inhibitory elements, activated in 
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Figure 8.5. Effect of subthreshold depolarizing currents on brainstem PR-evoked responses of LG thala¬ 
mic neurons of cat. Same neuron from A to C, recorded in a nonreserpinized animal under urethane 
anesthesia. The control response in A was transformed into a longer duration tonic barrage (R) by a sub¬ 
threshold outward current of 0.4 nA. Tonic discharges appear to result from the activation of a persistent 
inward current since they could also be generated by short-duration current pulses when the membrane 
potential was set just below the spike trigger level (in C). From Hu et al (1989b). 





Figure 8.6. Brainstem PB-evoked response in in trace llularly recorded LG thalamic neurons of reserpine- 
treated cat under urethane anesthesia. A, effect of membrane hyperpolarization. At rest, the response 
consisted of a slow depolarization interrupted by an IPSP that was followed by a single spike discharge. 
Upon hyperpolarization, the depolarizing component increased, the IPSP amplitude decreased, and a 
delayed low-threshold response was triggered after the IPSP occurrence. B, increase in membrane 
conductance during the PB-evoked response in another LG cell. Modified from Hu et al (1989b). 


parallel by the cholinergic brainstem-LG projection. The 
conclusion is that a nicotinic excitation underlies the early 
response of TC neurons from LG nucleus to brainstem PB 
stimulation and that a parallel activation affects at 
least one category of LG local-circuit interneurons (see 
Section 8.2). It must be emphasized, however, that other 
transmitters or modulators are colocalized in cholinergic 
brainstem reticular neurons (see Chapter 3, Section 3.1.1.1) 
and that the identification of the role played in concert by 



358 


A 


CONTROL 


CHAPTER8 


MECAMYLAMINE 



MECAMYLAMINE 



Figure 8.7. Blockage of increased conductance induced by stimulation of laterodorsal tegmental nucleus 
(LDT) by nicotinic antagonist mecamylamine. Cat under urethane anesthesia, after reserpine treatment. 
Intracellular recording from anterior thalamic (AT) neuron. LDT stimulation with pulse-train (30 stimuli) 
at 300 Hz. AT neuron recorded before and after intravenous administration of mecamylamine 
(30 jxg/kg). Membrane input resistance tested by injecting hyperpolarizing current pulses. A, four 
different trials are depicted, before (top) and after (bottom) mecamylamine administration. B, 
expanded traces to show in more detail the LDT-induced increased conductance and its blockage by 
mecamylamine. Membrane potential, —64 mV. From Curro Dossi et al (1991). 
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[45] Under reserpine 
treatment, the duration of 
the late (muscarinic), long- 
lasting depolarization is 
prolonged to 40-60 s (see 
[42]. The late and very 
prolonged excitation in LG 
relay cells depicted in 
Fig. 8.4. may well be due to 
the action of peptides that 
are found in brainstem 
cholinergic neurons 
(Vincent et al , 1983, 1986). 


[46] Marks and Roffwarg 
(1987). 

[47] Hirsch etal (1983). 


[48] Steriade^ a/. 

(1990a). 

[49] Williams et al (1994). 

[50] Timofeev et al 
(1996). 

[51] Pare and Steriade 
(1990); Pare et al (1990b). 
The anterior nuclear group 
of cat thalamus was chosen 
to investigate the long-term 
activation process induced 
by brainstem cholinergic 
stimulation because it is 
devoid of inputs from the 
thalamic reticular complex 
(Steriade et al , 1984a; 
Velayos et al , 1989) and, 
thus, the prolonged 
potentiation (up to 4 min) 
is not attributable to 
disinhibition through the 
cholinergic inhibition of 
GABAergic thalamic 
reticular cells. 


all these substances in synaptic transmission through the 
thalamus is still difficult to assess. 

4. Following the early nicotinic excitation, stimulation 
of brainstem cholinergic (PPT/LDT) nuclei (or PB area) 
elicits in TC neurons a prolonged depolarization, with a 
latency of about 1 s, a peak amplitude of 5-14 mV, and the 
shortest duration of 1.5-2 s but up to 15-20 s [45]. The 
long duration requires the feedback excitatory projections 
from the cerebral cortex as the duration of this depolariz¬ 
ing phase is reduced in decorticated animals. The pro¬ 
longed depolarization is dissociated from the short-lasting 
nicotinic response by contrasting changes in membrane 
conductance, differential sensitivity to changes in mem¬ 
brane potential, and blockage by muscarinic antagonists. 
Thus, the long-lasting depolarization is associated with a 
30-40% increase in the apparent input resistance, that is 
visible about 2 s after the diminished input resistance 
during the nicotinic response (Fig. 8.8). The depression 
or disappearance of the muscarinic depolarization during 
membrane hyperpolarization stands in contrast with the 
absence of such alterations in the earlier (nicotinic) 
depolarizing response. The voltage-dependency of the 
prolonged muscarinic depolarization in TC neurons 
explains why application of cholinergic agonists induces 
clear-cut facilitatory influences on TC neurons only 
during waking and REM sleep [46], two behavioral states 
that are similarly associated with sustained membrane 
depolarization in TC cells [47], due to equally increased 
firing rates of brainstem cholinergic PPT/LDT neurons 
[48] and equally increased ACh release in the dorsal thala¬ 
mus [49] (see also Chapter 9). Setting into action brain¬ 
stem cholinergic projections leads to depolarization and 
firing of TC neurons, and consequently to activation of 
cortical electrical rhythms. 
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The prolonged muscarinic depolarization and 
increase in input resistance are major factors in switching 
the functional state of TC neurons, from high-frequency 
rhythmic spike bursts and depressed responsiveness during 
NREM sleep to single-spike firing associated with increased 
antidromic and synaptic excitability during brainstem- 
induced arousal [50] (Fig. 8.9) as well as during behavioral 
states of waking and REM sleep [6]. These cholinergic 
effects also underlie long-lasting potentiation of synaptic 
responses to mammillary nucleus (MN) stimulation in 
anterior thalamic (AT) neurons, which may be involved in 
mnemonic processes [51]. This potentiation is associated 
with an increase in input resistance that allows synaptic 
events of small amplitude to depolarize patches of the den¬ 
dritic membrane so that to trigger fast prepotentials and, 
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Figure 8.8. Biphasic effect (increase and decrease) on membrane conductance evoked in thalamic 
intralaminar centrolateral (CL) neuron by brainstem LDT cholinergic nucleus in cat under urethane 
anesthesia. LDT stimulation consisted of a pulse-train (BO stimuli) at BOO Hz. Different parts of panel A 
are expanded in B. Part 1 is before the LDT pulse-train; 2-3 depict the increased conductance shortly 
after LDT stimulation; 4 is taken from the period with increased input resistance; and 5 is back to the 
control value. C, histogram of the LDT-induced conductance changes in the same neuron. Ordinate: 
percent voltage pulse amplitudes as compared with the averaged values (horizontal dotted line) in the 
control condition, before application of LDT stimulation. Abscissa: elapsed time with respect to LDT 
stimulation. Modified from Curro Dossi et al (1991). 






[52] The monkey model 
of severe amnesia consists 
of mammillary nuclei and 
midline/medial thalamic 
lesions (Aggleton and 
Mishkin, 1933a,b; 
Bentivoglio et al, 1997). 

[53] See Squire and 
Alvarez (1995). 

[54] This statement is 
based, among many other 
data, on the following 
evidence showing that 
thalamic (1) LG neurons 
exhibit far greater reduction 
in response to stimuli 
including the field surround 
than do retinal ganglion 
cells or optic tract axons 
(Hubei and Wiesel, 1961) 
and larger coefficient of 
variation than retinal cells, 
with little variability added at 
the cortical level (Hartveit 
and Heggelund, 1994); and 
(2) ventroposterior (VP) 
thalamic neurons have 
receptive fields that are 
different from those of 
neurons in brainstem relay 
stations and dynamic 
responses demonstrating 
that they are not simple 
relays for somatosensory 
signals (Alloway et al, 1994; 
Nicolelis and Chapin, 1994). 

[55] Hicks et al (1986); 

Salt (1989). Selective 
lesions of thalamic reticular 
GABAergic neurons 
increase the receptive field 
size of VP neurons by 

~3-fold (Lee et al, 1994). 

[56] Jones(1985); 

Steriade etal. (1997a). 

[57] Liu et al (1995). 

[58] Steriade et al (1985). 
We showed that, after 
thalamic transections 
separating the thalamic 
reticular nucleus from the 
remaining thalamus or 
after excitotoxic lesions of 
reticular neurons, there was 
an increased number of 
GABA A -recep tor-mediated 
IPSPs in TC neurons, as if 
local-circuit inhibitory 
neurons were released 
from the inhibition arising 


eventually, somatic action potentials. These data, showing 
that prolonged facilitation of responsiveness occurs in AT 
neurons that relay signals from mammillary nuclei (a major 
output structure of the hippocampus) toward various fields 
of the cingulate cortex, may be related to data showing that 
medial thalamic lesions lead to cognitive impairments in 
primates [52]. The results indicating a prolonged potentia¬ 
tion of neuronal responsiveness in AT nuclei after brief 
pulse-trains to mesopontine nuclei suggest that the cholin¬ 
ergic system regulates the flow of information along the 
mammillothalamic axis and modify the strength of the func¬ 
tional relationship between the hippocampal formation 
and cortical memory storage sites [53], 
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8.1.4.2. Differential Brainstem Reticular Effects on 
Three Phases of Inhibitory Responses 

In contrast to the old view considering TC neurons as 
merely synaptic relays for incoming signals in their route 
to the cerebral cortex, accumulating evidence indicate 
that these neurons display integrative properties and 
higher selectivity compared to those recorded from their 
input sources [54]. These data indicate the importance of 
inhibitory processes in discriminative responses of TC 
neurons. The importance of thalamic inhibitory mecha¬ 
nisms was shown by an increase in the receptive field size 
after inactivation of GABA a receptors [55]. 

Two types of thalamic GABAergic neurons may 
account for the response selectivity of TC neurons: local- 
circuit neurons, whose actions are confined within the 
limits of different dorsal thalamic nuclei, and neurons of 
the reticular nucleus (see Chapter 4, Section 4.1). Local- 
circuit neurons are involved in stimulus-specific inhibitory 
responses, while reticular neurons also contribute to more 
widespread inhibitory effects implicated in long-range thal¬ 
amic oscillations. It is important to note that most in vitro 
studies are conducted in rodents that, with the exception 
of LG nucleus, do not possess local GABAergic cells in dor¬ 
sal thalamic nuclei, whereas in carnivores and primates 
there are significant numbers (~25%) of local inhibitory 
interneurons in all dorsal thalamic nuclei [56]. This pecu¬ 
liarity may explain some differences between in vivo investi¬ 
gators (working on cats or monkeys) and in vitro 
investigators (who use rodents as experimental animals) 
concerning their conceptual views on thalamic inhibitory 
processes. Besides, a given proportion of thalamic reticular 
neurons project to local inhibitory neurons [57], thus pos¬ 
sibly leading to disinhibitory effects on TC neurons [58]. 

Within thalamic glomeruli, the dendritic appendages 
of local inhibitory neurons are equipped with presynaptic 
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Figure 8.9. Responsiveness of TC neuron from ventrolateral (VL) nucleus during slow oscillation 
and during activation elicited by stimulation of mesopontine cholinergic PPT nucleus. Intracellular 
recording in cat at under ketamine-xylazine anesthesia. Activation was elicited by brief PPT pulse- 
train (0.3 s, 300 Hz; arrow). Stimuli to axons of brachium conjunctivum (BC) were applied every 1 s, 
before and after PPT stimulation. Note PPT-evoked EEG activation and VL-cell depolarization, 
lasting for more than 10 s. Below are illustrated averaged (to = 10) BC-evoked EPSPs (shortest latency 
1.4 ms), as a function or their occurrence prior to the long-lasting depth-positive EEG wave of the 
slow oscillation (1), during that wave (2), after it (3), and during the PPT-elicited activated epoch. From 
Timofeev et al (1996). 



in reticular neurons. See 
also Fig. 4.4 in Chapter 4, 
depicting the circuitry of 
reticular, local-circuit, and 
TC neurons. 

[59] Jones and Powell 
(1969); Ralston (1971); 
Ohara and Lieberman 
(1993). 


[60] Pare et al (1991). 


[61] Hirsch and Burnod 
(1987); Crunelli et al 
(1988). 


[62] Curro Dossi et al 
(1992b). 


[63] Schlag and Waszak 
(1971); Yingling and 
Skinner (1975, 1977). 


[64] Dingle dine and Kelly 
(1977). 


[65] Steriade et al (1986). 


vesicles and they contact the dendrites of TC cells with 
symmetrical synaptic profiles [59]. The intraglomerular 
circuitry may be implicated in the discrete localization of 
inhibition. With GABAergic contacts are confined to the 
region of dendritic protrusions, the depolarization caused 
in relay cells by specific afferents is shunted, without how¬ 
ever reducing electrical activity in the rest of the cell. The 
role of presynaptic dendrites in inhibitory processes has 
been determined by analyzing, with somatic impalements, 
the responses of AT neurons to activation of corticothalamic 
axons, that do not have access to the presynaptic dendritic 
terminals, and the responses to activation of mamillothala¬ 
mic axons that end in the glomeruli [60]. This study 
revealed the presence of an early, short-lasting, Cl“-depend- 
ent IPSP (termed the a-IPSP), selectively elicited by mamil¬ 
lary stimulation and distinct from the following biphasic 
(GABA a _ b ) sequence of IPSPs (Fig. 8.10). The latter have 
been described in earlier studies [61]. The initial a-IPSP can 
be involved in the enhancement of center-surround antag¬ 
onism and high-fidelity transfer of information during the 
waking and attentive states since stimulation of brainstem 
cholinergic cells results in the reduction or suppression of 
the long-lasting GABA a and GABA b IPSPs (Fig. 8.11), but 
the preservation or even enhancement of the initial GABAa 
IPSP [62] (Fig. 8.12). 
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8,2. Thalamic Reticular Neurons: Dual 
Types of Responses 

High-frequency stimulation of rostral brainstem retic¬ 
ular formation in acutely prepared animals under differ¬ 
ent anesthetics depresses the spontaneous firing and evoked 
discharges of reticular neurons [63]. The brainstem- 
induced blockade of RE-cells’ activities was interpreted as 
a cholinergic effect, as ACh application results in a power¬ 
ful hyperpolarization of reticular cells (see Chapter 6, 
Section 6.1.3.2). However, large application of atropine is 
ineffective against the early phase of the brainstem- 
induced inhibition of reticular neurons, and weakly antag¬ 
onizes only a late phase of inhibition [64]. 

In unanesthetized behaving animals recorded in 
chronic experiments, brainstem reticular stimulation was 
applied in the rostral midbrain or in the PB area of the 
PPT nucleus after chronic bilateral lesions of locus 
coeruleus to allow anterograde degeneration of axons 
passing through the stimulated focus [65]. In those condi¬ 
tions, brainstem reticular stimulation induces a short- 
latency (5-10 ms) excitation, followed by a longer period of 
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Figure 8.10. Triphasic IPSPs elicited by local interneurons in anterior thalamic (AT) neurons of cat, a 
species that is devoid of afferents from thalamic reticular (RE) neurons. Intracellular recordings under 
urethane anesthesia. A-B, two different AT neurons. Triphasic IPSPs evoked by mammillary nucleus 
(MN) stimuli. Increasing intensities of stimulation (from top to bottom traces). Components a, A, and B 
of IPSPs are described in text. With the higher intensities, the long-lasting IPSPs led to a low-threshold 
spike crowned by high-frequency fast action potentials. Membrane potential is indicated. Modified from 
Curro Dossi etal (1992b). 


suppressed firing, in neurons recorded from the rostral 
pole and rostrolateral districts of the reticular nuclear 
complex. Both components of the response are state- 
dependent (Fig. 8.IB). During wakefulness, the latencies 
of short spike bursts in reticular neurons are grouped 
between 5 and 10 ms, with modes around 6 ms; a second¬ 
ary excitation occurs between 50 and 150 ms. During EEG- 
synchronized sleep, the latency mode of the early 
excitation lengthens to 15-20 ms and the duration of the 
evoked burst increases, reaching 50 ms. The histograms in 
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Figure 8.11. Depressant effect of a short pulse-train (350 Hz) to the laterodorsal tegmental (LDT) cholin¬ 
ergic nucleus on cortically (Cx) evoked, biphasic (A-B) IPSP. From Curro Dossi et al (1992b). 


Fig. 8.13 suggest that the underlying EPSPs are much faster- 
rising and shorter-lasting during waking than during EEG- 
synchronized sleep. As to the period of suppressed 
neuronal firing, it is much longer during NREM sleep than 
during wakefulness. The initially excitatory effects of brain¬ 
stem reticular stimulation upon reticular neurons are con¬ 
sistent with the tonically increased firing rates of the same 
neurons upon arousal from quiet sleep (Fig. 8.14) [65]. 

The two, excitatory and inhibitory, components of 
the reticular-cells’ response to brainstem reticular PB stim¬ 
ulation were further substantiated in intracellular record¬ 
ings from the rostral pole and the PG sectors of the 
[66] Hu et al. (1989a). reticular nucleus [66]. 

1. The depolarizing response started at a latency of 
8-10 ms, lasted up to 200 ms, and was followed by a long- 
lasting hyperpolarization (Fig. 8.15). The early brainstem- 
evoked depolarization can be considered as a direct 
excitatory effect on rostral reticular (or PG) neurons. The 
following experimental precautions were taken to pre¬ 
clude that the early depolarization was due to costimula¬ 
tion of noradrenergic fibers coursing through the 
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Figure 8.12. Effect of stimulation of laterodorsal tegmental (LDT) stimulation on isolated a-IPSP evoked 
by mammillary nucleus (MN) stimulation. Cat under urethane anesthesia (with ablation of the cingulate 
gyrus). Left, the three traces depict (from top to bottom) MN-evoked control responses; LDT + MN 
stimulation at different delays; and LDT stimulation alone. Right, averages (AVG) of five responses to 
MN and LDT + MN as indicated by curved arrows. From Curro Dossi et al (1992b). 


brainstem stimulated focus, that it was transmitted by prior 
excitation of LG relay cells or other TC cells, or that it was 
relayed by corticofugal pathways projecting to various sec¬ 
tors of the reticular nuclear complex. Experiments were 
conducted on reserpine-treated animals, with cortical 
ablation, and the direct depolarization of rostral reticular 
(or PG cells) was also obtained under barbiturate anesthe¬ 
sia (see Fig. 8.15, R-C), a condition that is known to block 
the brainstem-induced excitation of thalamic relay neurons 
(see Chapter 6, Section 6.1.3.1). Besides, the latency of 
brainstem-PG depolarizing response was shorter (8-10 ms) 
than that (>20 ms) of the brainstem-LG excitation. 

2. As to the hyperpolarizing response, its amplitude 
decreased with inward injections or when the cell hyperpo- 
larized spontaneously (Fig. 8.15C), and it was associated 
with a conductance increase of the order of 40-50% [66], 
The cholinergic nature of this component was demon¬ 
strated by its abolition after scopolamine administration, a 
condition that prolonged the early depolarization and led 
to repetitive discharges (Fig. 8.16). 

The above results [65, 66] indicate that brainstem 
reticular stimulation induces a dual response in thalamic 
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[68] The failure to observe 
a nicotinic response in 
reticular neurons 
maintained in vitro 
(McCormick and Prince, 
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ACh application leading to 
a rapid desensitization of 
the response. Nicotinic 
receptors have been 
mapped within the 
reticular thalamic nucleus 
of monkeys (Jones, 1985) 
and rats (Clarke et al , 
1985). The suggestion that 
the early excitation in 
reticular neurons is 
produced by nicotinic 
receptors (Hu etal , 1989a) 
was subsequently 
confirmed in work done in 
thalamic slices (Lee and 
McCormick, 1995). 


rostral reticular (or PG) neurons. Both excitatory and 
inhibitory components of the response sequence are 
dependent upon the behavioral state (see Fig. 8.13) and 
both are direct. This is shown for the excitatory component 
by its latency (8-10 ms) that fits with the slow conduction 
velocities of PB-PG axons [67]. The hyperpolarization is 
also direct and starts almost simultaneously with the depo¬ 
larization. This is indicated by PB-induced depression of 
PG-cells’ burst discharges evoked by optic tract stimulation, 
even when the optic tract stimulus is delivered during the 
PB-evoked early depolarization (Fig. 8.17). This result 
strongly suggests that the mechanism of PB-induced cholin¬ 
ergic inhibition in PG or other reticular thalamic neurons 
involves a large drop in membrane input resistance that ren¬ 
ders those neurons transparent to synaptic currents and 
may also short-circuit intrinsic inward currents. 

While the hyperpolarization depends on muscarinic 
receptors, as it is abolished by scopolamine, the nature of 
the early excitation remains to be elucidated. It may be 
induced by an unknown transmitter colocalized in brain¬ 
stem cholinergic cells, such as glutamate, or it may be 
mediated by a nicotinic receptor [68]. 

The difference between the two types of experiments, 
one conducted in behaving animals [65], the other under 
acute experimental conditions with anesthetics or with 
brainstem transection and trigeminal deafferentation [66], 
is that in the latter studies the brainstem-induced early 
depolarization does not induce tonic firing in reticular thal¬ 
amic neurons. Most likely, this is ascribable to the differ¬ 
ence in the level of membrane polarization between an 
anesthetized/deafferented preparation and an intact 
unanesthetized animal. The dramatic increase in tonic 
discharges of reticular neurons upon arousal from sleep 
(see Fig. 8.14) are due to the depolarizing pressure exerted 
by TC neurons projecting to reticular neurons and cortico- 
reticular neurons that discharge tonically in an intact vigil 
animal and, thus, create favorable conditions for over¬ 
whelming the concomitant inhibition arising in the cholin¬ 
ergic neurons of the brainstem core. These conditions 
result in an increased spontaneous and evoked firing of 
reticular cells, as is the case during natural awakening [65]. 

Until the discovery that brainstem reticular neurons 
with ascending axons directly excite reticular thalamic neu¬ 
rons, only the second part of the dual brainstem-reticular 
response (namely, the long-lasting hyperpolarization of 
reticular neurons) was taken into consideration. The brain¬ 
stem-induced cholinergic inhibitory effect upon GABAergic 
reticular neurons was commonly regarded as the basis of 
generalized disinhibition of TC neurons upon arousal. 
Such an interpretation obviously reflects only one aspect of 


BRAINSTEM 
AND STATE 
DEPENDENCY- 
THALAMOCORTICAL 
SYSTEMS 



2 OVSEC 






































































































































369 


the more complex reality. Indeed, since GABAergic reticu¬ 


lar neurons discharge quite rapidly and are highly respon¬ 
sive to brainstem and cortical volleys during waking [65], 
the parallel increase in spontaneous firing rates and synap¬ 
tic excitability of both reticular neurons and their inhibited 
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targets, the TG neurons, raises difficult questions that 
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Figure 8.14. Increased firing rates of thalamic reticular neurons upon natural arousal in chronically 
implanted cat. Top: ink-written recording (unit firing and EEC waves; arrow points to arousal). Below, 
oscilloscopic recordings display typical RE-cell’s barrages during EEG-synchronized sleep and tonic fir¬ 
ing at onset of awakening (1) and toward the end of waking state, just before the appearance of EEG-syn- 
chronization (2). Modified from Steriade et al (1986). 


Figure 8.13. Short-latency excitation followed by firing suppression, elicited by brainstem peribrachial 
(PB) stimulation in rostral thalamic reticular neurons of cat, after chronic bilateral lesions of locus 
coeruleus. See histology of locus coeruleus lesions in Steriade et al (1986). Extracellular recordings in 
chronically implanted, behaving preparation. In both (A and B) neurons, two 3-ms-delayed stimuli were 
applied at time 0 (stimuli artifacts deleted from peristimulus histograms, PSHs). For both neurons, 2 PSHs 
are depicted in behavioral states of waking (W) and EEG-synchronized sleep (S): left PSH with 5-ms bins, 
right PSH with 1-ms bins. Symbols: T, number of trials; X, mean latency (in ms); M, latency mode; C, coef¬ 
ficient of variation; R, sum of all bin responsiveness. Description in main text. From Steriade etal (1986). 
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Figure 8.15. Effects of brainstem peribrachial (PB) stimulation on intracellularly recorded thalamic 
reticular (RE) neurons in the cat. A, unanesthetized deafferented preparation. Three PB stimuli evoked 
a series of fast depolarizations followed by a long period of hyperpolarization. B, cell recorded under 
barbiturate anesthesia in the rostral part of the reticular nucleus. The response to PB stimulation was also 
characterized by a depolarizing-hyperpolarizing sequence. Note, however, the shorter duration of the 
depolarizing envelope. The right-hand inserts show in greater details the early part of the response 
evoked in each cell. C, effect of membrane potential on the PB-evoked hyperpolarization in perigeniculate 
(PG) neurons. Cell recorded under barbiturate anesthesia. In Cl, the cell displayed a depolarizing shift 
of its membrane potential during a spindle sequence. The membrane potential was hyperpolarized to 
— 70 mV by a long PB pulse-train. During the interspindle lull (in C2), when the membrane potential was 
already at -70 mV, no net hyperpolarization resulted after the PB stimulation; note the PB-evoked 
depolarization plateau during the pulse-train. Modified from Hu et at (1989a). 
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Figure 8.16. Absence of brainstem PB-evoked hyperpolarization in a rostral thalamic reticular (RE) 
neuron recorded under barbiturate anesthesia after i.v. injection of scopolamine (1 mg/kg). After 
scopolamine, the PB stimulus triggered a prolonged burst (A) that was eventually reduced to a 
subthreshold EPSP by hyperpolarizing the cell membrane (B-C). From Hu et al. (1989a). 


remain to be answered. The suggestion that, upon arousal, 
reticular-induced inhibition upon TC cells may, in some 
instances, be overwhelmed by disinhibition (via inhibitory 
contacts between reticular and local-circuit inhibitory neu¬ 
rons) was substantiated by occurrence of very numerous 
and short IPSPs in TC neurons following disconnection 
from the reticular nucleus [58]. 


8,3. Selective Increase in Cortical Excitability 
During Attentional Tasks 


The above two sections (8.1 and 8.2) dealt with the diffuse 
excitability enhancement in thalamic neurons during both 



Figure 8.17. Decreased responsiveness of thalamic reticular 
neuron after a conditioning brainstem PB stimulation in cat. 
Intracellular recording of a PG cell under urethane anesthesia. 
The control response to optic chiasm (OX) stimulation is 
shown in Al. The first part of the response is expanded in A2. 


In B-C, the same OX stimulus was delivered at different inter¬ 
vals after a short PB pulse-train. The respective responses are 
depicted in B2 and C2. Note that the cell responsiveness to OX 
stimulus was already decreased in B during the early depolar¬ 
ization induced by PB stimulation. From Hu et al (1989a). 
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brain-activated states of waking and REM sleep. In those 
studies, the term “waking” state was used rather globally 
since experimental animals were not submitted to tests of 
selective attention. We now briefly turn to investigations 
using scalp-recorded evoked potentials in humans and 
extracellular unit recordings in monkeys that employed 
sophisticated experimental paradigms to distinguish 
focused attention from diffuse arousal. 
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8.3.1. Event-Related Potentials in Humans 

A warning stimulus gives rise to a slow negative shift 
recorded from the scalp, termed expectancy wave or contin¬ 
gent negative variation (CNV) [69], which is followed by an 
imperative stimulus that evokes an event-related potential 
(ERP). The amplitude of CNV increases when more atten¬ 
tion is required or when there is greater incentive for 
prompt action [70]. The CNV was thought to originate in 
diffusely projecting brainstem systems and a corticofugal 
feedback control was hypothesized to suppress irrelevant 
response tendencies [71]. As to the ERP, it consists of 
various subcortically and cortically generated components 
whose latencies signal the arrival of input through 
different relays and may differ from one sensory modality 
to another. 

The early components of peripherally elicited ERPs, 
up to a latency of 20 ms, reflect far-field events originating 
in the spinal cord, brainstem, and thalamic nuclei. For 
example, in the somatosensory system, all components of 
the ERP up to and including P14 (a scalp-recorded posi¬ 
tive wave with 14-ms peak latency) are believed to be gen¬ 
erated below the thalamus (Fig. 8.18A) [72] because wave 
PI4 can be recorded in patients with thalamic lesions [73]. 
Cortically generated components begin with N20 that 
occurs over the parietal scalp, contralateral to the stimu¬ 
lus, and P22 that appears in the prerolandic field [72]. It 
seems that subcortically generated potentials in the 
somatosensory and auditory modalities do not vary with 
the attentional state [74]. It is, however, possible that the 
absence of changes in components that precede the entry 
of the afferent volley in the cerebral cortex is due to diffi¬ 
culties in recording discrete alterations of distant events 
over the scalp. Future investigations in humans by means 
of deep electrodes should explore the possibility that 
thalamic neurons are capable of discriminatory processes. 

The cortically generated components of ERPs are 
enhanced during selective attention tasks. Subjects were 
instructed to attend an infrequent somesthetic stimulus 
(e.g., to the left thumb) designated as target and to press a 
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Figure 8.18. Cognitive components of somatosensory evoked potentials (SEPs) in humans. A, far-field 
SEPs. Stimulation of the left median nerve indicated by the vertical dotted line at left. Negativity 
upwards. Active electrode at the parietal midline (Pz), occipital midline (Oz) and 2 cm above the inion. 
Onset of first far-field indicated by white arrow head and vertical interrupted line. B, SEPs to electrical 
stimuli delivered to the left thumb. The thicker SEP traces were averaged in runs when the thumb stimuli 
are infrequent (p = 0.15) targets to which the subject has to respond by pressing a microswitch with the 
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button as quickly as possible (with the right index finger) 
for each of such target [75]. In such conditions, ERP 
changes consist of increased amplitudes of waves P40, N60, 
and especially PI00 and P300 (Fig. 8.18B). While P40 and 
N60 are confined to the contralateral parietal and pre- 
rolandic areas, respectively, PI 00 is distributed bilaterally 
with a contralateral predominance, and P300 is a general¬ 
ized event, like the CNV. These data suggested that P40 
and N60 are the signs of “priming” for infrequent signals, 
that PI00 is the electrical index for identification of input 
signals, and that P300 reflects a nonspecific postdecision 
closures, related to the diffuse control of brainstem modu¬ 
latory systems upon the telencephalon [75]. 

The understanding of mechanisms underlying the 
amplitude fluctuations of ERP components while attend¬ 
ing or not a stimulus will probably come with animal mod¬ 
els of ERPs that would allow combined field potential and 
unit analyses in cortical and thalamic structures. Attempts 
at identifying the homologs of P300 wave were made in cat 
[76], squirrel monkey [77], and macaques [78]. While the 
significance of P300 is still debated, earlier attention- 
sensitive components, such as N170, were found to be 
similarly enhanced in unitary neuronal recordings in 
monkeys [79] and in human ERPs [80] (Fig. 8.19). 
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8,3.2. Neuronal Recordings During 

Set-Dependent Tasks in Monkeys 


[81] Hebb (1972). Hebb’s [81] model of set includes the possibility of 

different responses to an identical sensory stimulus, 
depending upon prior instructions. It is generally assumed 
that the site of this behavioral flexibility is the cerebral cor¬ 
tex, which would explain why cellular studies are over¬ 
whelmingly conducted in the cerebral cortex of monkeys. 
The cerebral cortex is probably not the unique site of flex¬ 
ible decisions, and this should be further assessed. Various 
methods were used to study the switching mechanisms 


right index finger. Thicker traces were obtained by redrawing three times the same trace. These SEPs are 
superimposed on control SEPs averaged in other runs of the same experiment when identical thumb 
stimuli were delivered alone (p = 1.0) at the same intervals and not mixed with any other stimuli. 1, right 
parietal scalp derivation. 2, right prerolandic scalp derivation. 3, same trace as 1 displayed on a slower 
time base. The vertical dotted line on the left side indicates the time of delivery of the thumb stimulus. 
The small arrows identify standard early SEP components, namely the PI 4 far-field, the parietal N20-P27- 
P45, and the prerolandic P22-N30. Cognitive components identified through divergence of the superim¬ 
posed traces are indicated by the following symbols: P40 (vertical lines), N60 (oblique lines), PI00 
(vertical rows of dots), N140 (widely spaced oblique lines). Vertical calibration, 5 jxV. Horizontal calibra¬ 
tion in ms. Negativity of the active scalp electrodes is upward in all traces. Modified from Desmedt et al 
(1983) and Desmedt and Bourguet (1985). 
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Figure 8.19. Effects of visual attention on unit activity in posterior parietal cortex of a rhesus monkey and 
on event-related potentials (ERPs) recorded from the parietal scalp in a human subject. Two peristimu- 
lus histograms (PSHs) are depicted in the monkey experiment, comparing conditions when the testing 
flash of light was not attended and when it was attended. Note similar modulation of flash-evoked activity, 
with similar enhancement when testing stimulus was attended, in the two species. Monkey experiment, 
from Wurtz et al. (1980). Human experiment, from Galambos and Hillyard (1981). 


involved in the flexible control of input-output information 
processing [82]. 

In general, the macaque receives an instruction con¬ 
sisting of a sensory cue (relevant stimuli are differentiated 
from irrelevant ones) signaling what type of motor 
response must be executed after a waiting period in order 
to receive a reward (delayed alternation task). It must be 
noted that, usually, cortical neurons are recorded without 
precise knowledge of their direct inputs and targets, as 
one could ascertain by standard electrophysiological 
procedures of monosynaptic and antidromic activation 
[83]. Instructions to push or pull a handle elicited 
increases or decreases in activity of the same pyramidal 
tract neuron; and when the monkey responded incor¬ 
rectly, the neuronal activity corresponded to the animal’s 
motor preparation rather than the sensory nature of the 
instructive stimulus (Fig. 8.20A). Similar conclusions, 
namely that activity changes are specifically related to the 
state of motor preparation, were drawn from studies on 
premotor cortical neurons (Fig. 8.20B). 

The differentiation between the effects of diffuse acti¬ 
vation and those of selective attention leading to initiation 


[82] Evans etal (1984). 


[83] Notable exceptions 
are Evarts and his 
colleagues (Evarts and 
Tanji, 1976; Tanji and 
Evarts, 1976) who have 
recorded identified 
pyramidal tract neurons in 
the primary motor cortex. 
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Figure 8.20. Set-related neuronal activity in primary motor (A) and premotor (B) cortices of monkey. 
A, time of instruction presentation is indicated by the thickening of the horizontal bar above each 
electrode trace; the instruction delivered is indicated above each trace. Below each electrode trace is an 
indication of the animal’s arm position. Push instructions lead to increases in activity, and pull instruc¬ 
tions lead to decreases. Note that in the bottom record the monkey responds incorrectly (he was 
instructed to pull, but instead pushes, the handle), and in this case the activity resembles other trials in 
which the monkey ultimately pushes the handle. Thus, the activity appears to reflect the animal’s 
(inferred) motor set, regardless of the instruction. B, top: trials in which the monkey is instructed (IS) to 
make an arm movement in a certain direction and later is given a triggering stimulus (TS) that allows 
him to execute the movement. In the bottom raster and histogram, the same cell shows no activity when 
an identical visual stimulus instructs him to withhold movement. Modified from Tanji and Evarts (1976, 
A) and from Wise et at (1983, B). 


[84] Mountcastle et at 
(1984). Mountcastle has 
also studied the command 
functions for the 
exploration of 
extrapersonal space and 
attentive fixation in 
monkeys (Mountcastle 

et at, 1975). 

[85] Wurtz and Mohler 
(1976). 

[86] Wurtz et at (1984). 

[87] Mountcastle et at 
(1981). 


of movements was emphasized in studies of primary visual 
and posterior parietal cortices by Mountcastle and his 
colleagues [84]. In the primary visual cortex, neurons 
increase their firing rates by diffuse arousal but not by 
selective attention [85]. This fact suggested that striate 
cortical cells are not committed in a given circuit but 
are used for subsequent processing stages [86], such as 
those involving the posterior parietal cortex and frontal eye 
fields where saccadic movements are initiated. Mountcastle 
et al [87] used three types of behavioral conditions in their 
studies on light-sensitive neurons recorded from the 
posterior parietal cortex: (1) a no-trial state, that is a state 
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of quiet waking with no involvement in a behavioral task; 
(2) a trial state, that is a condition of attentive fixation of a 
target during which the monkey is engaged in a dimming 
detection task; and (3) an intertrial mode, that alternates 
with the trial mode. The light-sensitive neurons of the pos¬ 
terior parietal cortex significantly increase their excitabil¬ 
ity in the trial mode, compared to both no-trial mode and 
the intertrial state, with the conclusion that the enhanced 
synaptic excitability is specifically related to the directed 
visual attention to the target light, and is not merely due to 
changes in generalized arousal. 


8.3.3. Differential Alterations in Two Phases of 

Inhibitory Responses During Brain Activation 

However efficiently brainstem reticular stimulation 
and natural arousal obliterate the long-lasting phase of 
inhibition and its cyclic repetition, these conditions do not 
eliminate the early short-lasting period of inhibition during 
which spontaneous and evoked discharges are suppressed. 
This statement [88] was based on extracellular recordings 
of thalamic relay neurons in the lateral posterior nucleus. 
Since that time, this notion was expanded at the intracellular 
level (see above, Section 8.1.4.2). 

The emphasis on a differential action exerted by 
brainstem reticular arousing systems upon the two phases 
of thalamic inhibitory processes is of importance since, 
during the 1960s, arousal was regarded as an “inhibition of 
inhibition” [89] and, until quite recently, activation phe¬ 
nomena elicited by brainstem reticular stimulation or ACh 
application were thought to be associated with a global 
blockade of thalamic inhibitory processes through inhibi¬ 
tion of both GABAergic thalamic cell-classes, reticular, and 
local-circuit neurons [90]. The idea of a global blockade of 
inhibitory mechanisms upon awakening was supported by 
some data reporting an increase in receptive-field diame¬ 
ter of LG thalamic neurons during “arousal” in acutely 
prepared unanesthetized animals [91]. These results were 
regarded as embarrassing [92] and perplexing [93] 
because loss of center-surround antagonism and other fea¬ 
ture detection properties that assist thalamic and cortical 
neurons in their discrimination tasks would be difficult to 
conceive during the adaptive state of wakefulness. It is now 
demonstrated that the long-lasting period of hyperpolar¬ 
ization elicited in thalamic neurons by a synchronous test¬ 
ing stimulus to the prethalamic or corticofugal pathways 
consists of two distinct components mediated by GABA a 
and GABA b receptors that are blocked by brainstem 
cholinergic stimulation, whereas the earliest (GABAJ 


[88] Steriade et al 
(1977b). 


[89] Purpura et al (1966). 


[90] Singer (1977); Ahlsen 
et al (1984); McCormick 
and Prince (1986b); 
McCormick and Pape 
(1988). 

[91] Godfraind and 
Meulders (1969); Meulders 
and Godfraind (1969). 

[92] Steriade et al 
(1974b). 

[93] Livingstone and Hubei 
(1981). 



379 


[94] See details for the 
visual thalamocortical system 
in Steriade etal (1990e). 


[95] Steriade and 
Deschenes (1974). 


IPSP is unaffected and may even be enhanced (see above, 
Section 8.1.4.2). 

The progenitors of inhibitory processes and their 
circuitries in the thalamus and cerebral cortex are dissimi¬ 
lar [94]. In spite of these notable differences, inhibitory 
events in TC and corticofugal neurons of cats and mon¬ 
keys are similarly altered during brainstem reticular stimu¬ 
lation or natural arousal. In TC neurons, the cortically 
evoked cyclic repetition of the long-lasting inhibitory peri¬ 
ods and postinhibitory rebound bursts are blocked by mid¬ 
brain reticular stimulation, but the first inhibitory phase is 
left intact [88]. This was observed with both extracellular 
and intracellular recordings (see above, Figs. 8.11-8.12). 
In corticospinal neurons too, the recovery of responsive¬ 
ness following inhibition evoked by antidromic or synaptic 
volleys is twice as long during EEG-synchronized sleep 
compared to waking, but the early phase of inhibition 
(15-25 ms) is preserved or even enhanced during wakeful¬ 
ness (Fig. 8.21) [95]. These results were interpreted as 
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Figure 8.21. Effects of midbrain reticular formation (MRF) stimulation and natural arousal on inhibitory 
processes of corticospinal neurons in cat and monkey. A, left: method of testing recurrent inhibition act¬ 
ing on antidromic discharges elicited in cat pyramidal tract (PT) neuron. Conditioning (C) volley was 
delivered at 13 V, that was the minimal voltage required to elicit inhibitory effects on testing (T) response 
induced by shock at 5 V, which was the minimal voltage required to evoke 100% antidromic invasion. At 
paired C-T stimulation, complete inhibition of T response or spike fragmentation (arrow). A, right: 
graph depicts much longer inhibition with three antidromic (pes peduncular, PP) conditioning stimuli 
than with single shock. With both conditioning procedures (1 PP and 3 PP), recovery of antidromically 
elicited spike was slower in EEG-synchronized sleep (SWS) than during waking (W). Note deep but short 
inhibition in W. B, inhibition of synaptic discharges evoked by stimulation of posterior part of the thala¬ 
mic VL nucleus in precentral PT neuron of chronically implanted macaque monkey. Left, field positive 
(inhibitory) wave evoked by first VL stimulus and facilitation (during W) of evoked discharges by second 
stimulus at 75-ms interval toward the end of inhibition. Right, percentage responsiveness of discharge 
evoked by first stimulus (tome 0) and by second stimulus at 3 time intervals (15 ms, 27 ms, and 75 ms) 
during W and SWS. Modified from Steriade and Deschenes (1974). 





Figure 8.22. Effects of arousal from slow-wave sleep on to the right. Arousal results in a moderate increase in the 

responses and response selectivity of a cell in layer II of striate response to leftward movement, and a virtual elimination of 
cortex in cat. About half-way through the 2-min record, the cat the response to rightward movement (see histograms). Arousal 
is aroused by a noise. An optimal split, 1/2°/3°, oriented 25° also produces suppression and smoothing of the spontaneous 
clockwise to vertical, evokes a response (third trace) that is firing. From Livingstone and Hubei (1981). 
much greater to movement up and to the left than down and 

subserving accurate discrimination of incoming informa¬ 
tion during waking and are supported by more recent data 
indicating an improvement of response specificity and 
directional selectivity upon arousal from EEG-synchro- 
nized sleep (Fig. 8.22) [93] and an arousal-induced poten¬ 
tiation of cortical inhibition induced by visual or LG 

thalamic Stimulation [96]. [96] Swadlow and Weyand 

Inhibitory processes have not yet been systematically (1987). 
investigated during REM sleep. The light-evoked inhibi¬ 
tion in cortical association neurons is much less conspicu¬ 
ous during REM sleep than during other states of 
vigilance, and inhibition sculptures again the initial 
response upon awakening from REM sleep [10]. The study 
of inhibitory processes may open new avenues for differ¬ 
entiating at the cellular level the two EEG-activated behav¬ 
ioral states of waking and REM sleep that are otherwise 
quasi-identical from the point of view of electrical activity 
in thalamic and neocortical neurons. 
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Neuronal Activities in Brainstem 
and Basal Forebrain Structures 
Controlling Waking and 
Sleep States 


The first chapter of this book has described the history of 
much of the early lesion and stimulation work, as well as 
the cardinal signs of sleep and the definition of behavioral 
state. Other chapters describe the neurophysiological and 
anatomical substrates of various components of waking 
and sleep states. 

In this chapter, we focus on how neuronal activities in 
brainstem and forebrain structures lead to activation of thal¬ 
amus and cerebral cortex. Chapter 7 has discussed how the 
characteristic oscillations of non-REM (NREM) sleep occur 
in the absence of activating and disrupting influences from 
the brainstem. The first section of this chapter (Section 9.1) 
takes up the source of these influences in brainstem and bul¬ 
bar reticular (RE) neurons, and the brainstem cholinergic 
neurons in pedunculopontine tegmental and laterodorsal 
tegmental (PPT/LDT) nuclei, with data from extracellular 
recordings of antidromically identified, thalamically pro¬ 
jecting neurons. Based on these data, we suggest that the 
synchronizing phenomena in thalamocortical (TC) systems 
depend, at least in great part, on the removal of brainstem 
influences. The sudden drop in both cholinergic and non- 
cholinergic brainstem reticular input at sleep onset disfacili- 
tates TC neurons while, at the same time, the reduction in 
cholinergic input facilitates the genesis of spindle oscilla¬ 
tions in the thalamic reticular nucleus. Thus, the return of 
brainstem cholinergic and brainstem noncholinergic activat¬ 
ing influences with REM sleep abolishes these synchronizing 
events. Next (Section 9.2), we discuss neuronal activities in 
basal forebrain nuclei and their possible effects on thalamic 
and cortical activities. Finally, in Section 9.3, we discuss the 
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neuronal generation of pontogeniculo (thalamo) cortical 
(PGO) phasic potentials during REM sleep and their neu¬ 
ronal mechanisms in thalamic neurons. Chapter 11 will 
discuss REM sleep control mechanisms and how the compo¬ 
nents discussed in this chapter and Chapter 10 (motor 
control) are orchestrated into the occurrence of a full REM 
sleep episode. Chapter 12 will take up the property of REM 
sleep as an ultradian rhythm, with a period of about 90 min 
in humans and 24 min in the cat, and present a model for its 
generation. Chapter 13 will discuss the role of active 
forebrain systems and humoral systems in sleep control. 


9.1. Brainstem-Thalamic Neurons 

Implicated in Tonic Electrical Activation 
of the Cerebrum 

Studies conducted during the early 1980s investigated 
the waking- and sleep-related activities of rostral midbrain 
fl] and bulbar reticular neurons [2] with antidromically 
identified projections to the thalamic intralaminar and 
ventromedial (VM) nuclei. These thalamic targets were cho¬ 
sen because rostral intralaminar centrolateral-paracentral 
(CL-PC) and VM nuclei project over widespread cortical 
territories and may thus account for the diffuse cortical 
excitatory processes associated with tonic EEG activation. 
Discharges of brainstem neurons were temporally corre¬ 
lated to the most precocious signs of EEG activation 
during transition from NREM sleep to either waking or 
REM sleep. These data were used to evaluate the hypothesis 
that an increase in firing rates of brainstem neurons 
precedes overt signs of EEG activation. 

At that time, before 1985, the thalamic projections of 
cholinergic cell-groups located at the junction between 
the caudal mesencephalon and the rostral pons had not 
yet been documented. The rationale behind searching at 
rostral midbrain levels for neuronal candidates involved in 
EEG desynchronization processes was that classical studies 
using stimulation and lesions pointed to the upper brain¬ 
stem reticular stimulation as the critical area for inducing 
arousal (see Chapter 1, Section 1.1) and that midbrain 
reticular neurons directly excite thalamic intralaminar 
CL-PC cells projecting widely over the neocortex [3], 
There are virtually no cholinergic cells in the rostral mes¬ 
encephalon, and the transmitters used by those midbrain 
neurons have not yet been definitely elucidated. However, 
the established direct brainstem-thalamic excitatory 
actions suggest that rostral midbrain neurons probably use 
excitatory amino acids as neurotransmitters. 


[1] Steriade et al (1980, 
1982a). 

[2] Steriade et at (1984b). 


[3] Steriade and Glenn 
(1982). 



[4] Kitsikis and Steriade 
(1981). 


[5] Steriade (1983). 


[6] Webster and Jones 
(1988). 


[7] Sastre et al. (1981). 

Data on pontine reticular 
neurons with thalamic 
projections and slow 
conduction velocities 
(Fuller, 1975), presumably 
small-size cells, may suggest 
that these neurons also 
play a role in EEG 
activation. 


[8] Steriade (2001b). 


[9] Reviewed in Steriade 
and Buzsaki (1990). See 
also Steriade (2003b). 


As to the hypothesis that bulbothalamic neurons may 
act synergistically with midbrain-thalamic neurons in the 
process of EEG activation, this was based on the fact that 
electrolytic or chemical lesions of the upper brainstem retic¬ 
ular core failed to disrupt EEG activation for long periods of 
time. Indeed, the excitation of midbrain perikarya by gluta¬ 
mate analogs induces a long-lasting (12-36 hr) EEG activa¬ 
tion associated with highly aroused behavior [4]. At stages 
corresponding to the period of kainate-induced neuronal 
destruction, a 40-60% decrease in duration of the waking 
state was observed, with only phasic EEG activation 
reactions, contrasting with the tonic activation observed in 
the same animals before the kainate injection into the mid¬ 
brain core [5]. However, this picture lasted for only 3-4 
days, and both behavioral and EEG correlates of wakeful¬ 
ness returned to control values after 5-6 days. Subsequent 
data, using chemical lesions of upper brainstem reticular 
territories, including cholinergic cell-groups, also indicated 
that, 10-14 days after the kainate injection, EEG activation 
during REM sleep is not altered [6]. These results led to call 
upon an additional source of forebrain activation processes 
involved in EEG activation. This source may be located in 
thalamically projecting neurons of the reticular formation, 
other that mesencephalic fields. Since kainate-induced 
lesions of the pontine reticular formation do not apparently 
affect EEG desynchronization during REM sleep, although 
these lesions may have spared neurons other than the giant 
cells [7], the bulbar reticular formation was investigated. 

In fact, we do not believe that the EEG-activating 
neurons are restricted within confined regions of the brain¬ 
stem reticular core, as may be the case with the mesopontine 
PGOon cells (see Section 9.3). While the role of bulbothala¬ 
mic neurons involved in EEG activation during REM sleep 
(see below, Fig. 9.2) has not yet been tested by lesion experi¬ 
ments, we do not expect that such lesions would succeed in 
disrupting for long periods of time EEG activation because 
this process depends upon activities in distributed brainstem 
as well as supramesencephalic networks, such as posterior 
hypothalamus, nucleus basalis (NB) and amygdala [8]. 
The activation of spindle oscillations takes place in the thala¬ 
mus and depends upon brainstem-thalamic cholinergic 
neurons (see Chapter 7), whereas the disruption of slow 
oscillation and delta waves is mainly due to cholinergic 
actions exerted by NB neurons upon the cerebral cortex [9]. 

In what follows, we briefly review data on activities of 
thalamically projecting neurons located in the rostral 
midbrain, bulbar reticular core, and cholinergic neurons 
at the PPT/LDT nuclei at the mesopontine junction, 
which are temporally related to shifts in EEG activation 
upon awakening and transition from NREM to REM sleep. 
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9.1.1. Midbrain Reticular Noncholinergic 
Neurons 

The median firing rate of midbrain reticular neurons 
is twice as high in waking and REM sleep (about 20/s) as in 
EEG-synchronized sleep. This is valid for neurons receiving 
multiple converging inputs and antidromically identified 
as projecting to the intralaminar thalamus, but is not valid 
for neurons with projections to the paramedian pontine 
reticular formation that have low firing rates (<l/s) and 
do not increase upon awakening [1], Both the relatively 
high discharge rates of thalamically projecting midbrain 
reticular neurons and their extremely tonic discharge pat¬ 
terns during both waking and REM sleep distinguish them 
from paramedian pontine reticular neurons that do not 
seem to be related to ascending activation processes. 

The role played by midbrain noncholinergic neurons 
in EEG activation was determined by using the criterion of a 
statistically significant change in firing rate preceding the 
first change in brain electrical activity from NREM sleep to 
wakefulness. Time 0 in this case is the earliest sign of 
decreased amplitude and increased frequency of EEG 
rhythms that eventually lead to generalized EEG activation 
and overt behavioral manifestations of waking, as reflected 
by increased muscular tone and eye movements. In these 
analyses, time 0 is the onset of the transitional period 
between NREM sleep and waking (see SW epoch in Fig. 9.1, 
A2) that precedes by more than 15 s the overt EEG activa¬ 
tion and motor events associated with behavioral arousal. 
Precursor signs of increased activity were seen in different 
midbrain cells 8 to 22 s before any change in the fully syn¬ 
chronized EEG activity (Fig. 9. IB). The pooled analysis of a 
25-cell-group revealed that a statistically significant increase 
in firing rate occurs 15 s before the end of NREM sleep 
epochs that developed into waking state (Fig. 9.1C) [1]. 
Similarly, midbrain reticular neurons increase firing rates in 
the transition from NREM sleep to REM sleep. 

There also precursor signs of decreased neuronal 
activity in thalamically projecting midbrain cells, 1 s before 
the first sequence of spindle waves during the drowsiness 
period, were documented in Chapter 7 (see Fig. 7.30). 


9*1,2. Bulbar Reticular Noncholinergic Neurons 

The bulbar reticular neurons were recorded from the 
magno- and gigantocellular fields and their ascending 
projections were antidromically identified from the 
midbrain reticular core, intralaminar, and VM thalamic 





5:20:30 5:21:30 

Figure 9.1. Midbrain reticular formation (MRF) neurons with thalamic projections increase discharge 
rates in advance of EEG and behavioral signs of awakening from EEG-synchronized sleep in the chroni¬ 
cally implanted cat. A, electrographic criteria of transitional state (SW) from slow-wave sleep (S) to waking 
(W). Abrupt (in 1) and progressive transition, with an intermediate SW period (in 2). B, percent cumula¬ 
tive histogram (1-s bins) of 2 MRF neurons. Abscissas, real time of recording; arrows and vertical lines, ear¬ 
liest signs of reduced amplitude and/or increased frequency of EEG waves (as in A, panel 2, arrow 
indicates time 0 of SW period). Inflection points are seen to occur 10-22 s in advance of any change in 
EEG; overt signs of wakefulness (eye movements and increased muscular tone) appeared several seconds 
after arrows (as in A, panel 2). C, increase in firing rate of MRF neurons before the end of S epochs devel¬ 
oping into W. Left: percent cumulative histogram of neuron belonging to sample analyzed in graph 
depicted on right; arrows indicate first change in fully synchronized EEG waves. Right: 25 cells whose 
global mean rate in S was at least 4/s were analyzed during last minute of S in 42 epochs leading to SW or 
directly to W. Mann-Whitney test was used to compare reference rate during first 30 s for all cells with 
their respective rates in the last six 5-s bins. Note significantly increased rates in the three 5-s bins before 
end of S (arrow) compared with discharge rate in the first 30 s. Modified from Steriade et at (1982a). 



















nuclei (Fig. 9.2A) [2]. The antidromic identification from 
the thalamus was necessary to differentiate bulbar reticu¬ 
lar neurons involved in EEG activation from other types of 
medullary neurons that are related to muscular atonia 
(see Chapter 10). Some of the bulbothalamic neurons 
were phasically related to REMs and PGO waves. The 
focus in that study was, however, on tonically discharging 
neurons in order to relate their activity with the enduring 
event of EEG desynchronization during REM sleep. 

The time 0 of EEG activation associated with REM 
sleep follows by about 30-60 s the onset of PGO waves 
during the pre-REM epoch (Fig. 9.2), but in some instances 
the earliest sign of EEG desynchronization appears more 
than 2 min after the onset of PGO waves (Fig. 9.2B). To 
obtain evidence whether the precursor signs of increased 
discharge rates of bulbothalamic neurons are related to the 
appearance of PGO waves during the fully synchronized 
EEG of the pre-REM epoch or if they are really related to 
EEG activation (Fig. 9.2C), a group of 8 cells was analyzed 
during at least 75 s of NREM sleep followed by pre-REM 
transitional epochs of at least 50 s, eventually leading to 
REM sleep. Data showed that there was no significant 
difference in firing rate between the EEG-synchronized 
sleep and the first 30-s period of the transitional pre-REM 
stage accompanied by PGO waves. Statistically significant 
increase in discharge frequencies began 30 s after the onset 
of the pre-REM stage and continued to further increase by 
approaching the earliest change from NREM sleep to EEG 
activation (Fig. 9.2D) [2]. These results indicate that bulbo¬ 
thalamic neurons with tonic discharge patterns signifi¬ 
cantly increase their rates of firing 20 s in advance of EEG 
activation with transition from EEG-synchronized sleep to 
REM sleep. The transmitter (s) used by these precursor 
neurons remain (s) to be elucidated. 


Figure 9.2. Bulbar reticular (RE) neurons with midbrain and thalamic projections increase firing rates in 
advance of EEG activation during REM sleep in chronically implanted cat. A, localization of various 
gigantocellular (Gc), magnocellular (Me), and parvocellular (Pv) medullary neurons projecting to mid¬ 
brain reticular formation (MRF), ventromedial (VM), centrum medianum (CM), and centrolateral (CL) 
thalamic nuclei, as identified by antidromic invasion. Rostrally projecting neurons are indicated on both 
parts of the medullary core to allow the anatomical localization of various neuronal groups (identified 
cells were usually found ipsilaterally to stimulating electrodes). Left section is at posterior plane 11—10, 
right section at posterior plane 9-8. B, ink-written recording (EMG, cortical EEG, ocular movements- 
EOG, PGO waves in the lateral genticulate (LG) thalamic nucleus, and discharges of a bulbothalamic 
cell) during transition from EEG-synchronized sleep (S) to pre-REM epoch characterized by appearance 
of PGO waves (S-PGO) and to paradoxical sleep (PS). Time 0 of PS (or REM sleep) is the earliest sign of 
EEG activation. C, sequential mean frequency (SMF), 5-s bins, of one bulbothalamic neuron during tran¬ 
sition from S to S-PGO and further to PS. D, statistical evidence showing that the increased firing rate of 
thalamically projecting bulbar reticular (RE) neurons prior to onset of EEG activation in REM sleep 
(during the pre-REM epoch or S-PGO) is not related to PGO waves. See details on method used in 
Steriade et al (1984b). Modified from Steriade etal. (1984b). 
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9,1.3. Mesopontine Cholinergic Neurons 
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This chapter focuses on the relationship of mesopon¬ 
tine cholinergic neurons to cortical EEG activation during 
waking and REM sleep, while Chapter 11 will examine the 
activity of these neurons with respect to their role in gener¬ 
ation of the entire state of REM sleep. Extracellular 
recordings have been performed in cat’s PPT and LDT 
cholinergic nuclei at the mesopontine junction to investi¬ 
gate the relation between the activity of their neurons and 
the tonic process of EEG activation during waking and 
REM sleep. The location of recorded neurons within PPT 
or LDT nuclei was assessed by means of lesions along micro¬ 
electrode tracks combined with micrometer readings, and 
the sections were stained with NADPH-diaphorase histo¬ 
chemistry that selectively stains cholinergic PPT and LDT 
neurons in the brainstem core (Fig. 9.3) [10], Of course, 
this method can only ascertain that the recorded cell was 
within a pool of cholinergic neurons. However, at this ros¬ 
tral PPT level (the cat peribrachial (PB) area that mainly 
extends between stereotaxic planes anterior 1 and poste¬ 
rior 1), where this investigation was conducted [10], 
cholinergic neurons represent about 85-90% of those 
neurons labeled by choline acetyltransferase (ChAT) and 
tyrosine hydroxylase (TH) immunohistochemistry [11]. 
Significant numbers of catecholaminergic neurons within 
the PPT nucleus appear only more caudally, at posterior 
planes 2 to 5 (see Chapter 3). Therefore, the probability 
that neurons located in the rostral part of the PPT nucleus 
are cholinergic is very high. In addition, these neurons 
were antidromically identified as projecting to the differ¬ 
ent thalamic nuclei, mostly to LG, PUL-LP, and CL-PC 
intralaminar nuclei (Figs. 9.4 and 9.5) [10,12]. 

The majority of thalamically projecting neurons of the 
cholinergic PPT nucleus displayed tonic discharge patterns 
and increased their firing rates about 1 min before the earli¬ 
est change from EEG synchronization during NREM sleep 
to EEG activation during REM sleep [10]. This was shown 
by analyses of sequential mean frequency (SMF) in individ¬ 
ual (Fig. 9.6) and in pooled PPT cells. Since this long period 
of precursor changes comprises the transitional SD epoch 
(NREM to REM sleep) between EEG-synchronized sleep 
(S) and EEG-desynchronized sleep (REM sleep), whose 
onset is the first PGO wave, and because many PPT cells are 
also PGO-on (see below, Section 9.3.1), separate SMFs were 
computed in which the time 0 was the onset of the transi¬ 
tional SD (or pre-REM) epoch. In these cases, precursor 
signs of increased activity were seen about 40 s before the 
first PGO wave (Fig. 9.6C). These data demonstrate that 
neurons recorded from the cholinergic PPT nucleus, with 


[10] Steriade et al (1990a). 


[11] See Tables III and IV 
in [6]. 


[12] Steriade etal (1990d). 
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Figure 9.3. Histological localization of microelectrode tracks in mesopontine cholinergic pedunculopontine 
tegmental (PPT) and laterodorsal tegmental (LDT) nuclei. Chronically implanted, naturally awake and 
sleeping cat. Frontal sections stained for NADPH-diaphorase activity and counterstained with Neutral red. 
Sections A-D are rostral to caudal, between frontal planes 0 and —1.5. The rectangle in D is depicted at 
higher magnification in E. Panel F shows the cholinergic neurons in the LDT nucleus and the adjacent non- 
cholinergic neurons (stained in red) in the locus coeruleus. Microelectrode tracks through the peribrachial 
(PB) area of the PPT nucleus and LDT nucleus are marked with arrows in A and C. A small electrolytic lesion 
(bottom arrow in A) was made a few millimeters ventral to the last recorded neuron on that track. Horizontal 
bars indicate millimeters (bar in A is valid for other panels, with the exception of E and F). Abbreviations 
other than PB and LDT: AQ, aqueduct; BC, brachium conjunctivum; DR, dorsal raphe; MLB, medial longi¬ 
tudinal bundle; 5ME, mesencephalic nucleus of the 5th nerve. From Steriade et al (1990a). See also color 
plate 5. 


identified thalamic projections, increase their firing rates 
well before the EEG activation associated with REM sleep. 
Thus, PPT neurons may be considered as the best candi¬ 
dates for inducing the cholinergic processes associated with 
EEG activation, namely, direct excitation of TC cells and 
blockage of synchronized spindle oscillations by inhibiting 
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Figure 9.4. Antidromic identification of thalamic projections of mesopontine PPT/LDT neurons. 
Stimuli marked by arrowheads. A-B, PGO-on sluggish-burst neuron projecting to the medial thalamus. In 
2, collision with a spontaneous (S) discharge. C, PGO-on high-frequency burst cell, with antidromic spike 
evoked from the lateral geniculate nucleus, followed by spike burst. Note progressive decrease in spikes 
within bursts evoked by 2nd and 3rd stimuli. From Steriade et al (1990b). 


reticular thalamic neurons (see Chapter 7). In other stud¬ 
ies, presumptive cholinergic neurons from the PPT nucleus 
were antidromically identified from the posterior hypothal¬ 
amus and also found to display tonic discharges during both 
waking and REM sleep or highly specifically during REM 
sleep [13]. 


[13] El Mansari et al 
(1989). Our data [10] also 
documented a class of 
thalamically projecting, 
slowly discharging (less than 
2 Hz in waking) PPT/LDT 
neurons that increased 




HERTZ 



Figure 9.5. Antidromic identification of PPT neuron and 
sequential firing rate (SFR) of PPT neuron during the 
waking-sleep cycle. Top panel, two simultaneously recorded 
PPT neurons (small action potential a and large action potential 
b). Left: antidromic activation of cell a and synaptic excitation of 
cell b by stimulating thalamic lateroposterior (LP) nucleus. 
Right: changing the polarity of stimulation led to antidromic 


invasion of cell b. Bottom panel, SFR of thalamically projecting 
neuron across the wake-sleep cycle. Abscissa indicates real time. 
Mean firing rates during waking (W), slow-wave sleep (S), and 
REM sleep are indicated (Hz) for each state. Transitional WS 
and pre-REM epochs are indicated by vertical interrupted lines 
(at 0:30:53 and 0:34:34, respectively). Note cyclic activity toward 
the end of W state. Modified from Steriade et al (1990a). 


firing rates from waking to 
NREM sleep and further to 
REM sleep, but this class 
represented only one third 
of the neuronal population 
that increased tonically 
firing frequencies during 
both waking and REM 
sleep. In another study, El 
Mansari et al (1990) 
reported the suppressive 
action of microinjections of 
a cholinergic agonist, 
carbachol, on PPT neurons 
with firing frequencies of 
less than 5 Hz during 
wakefulness (see also the 
review by Sakai and 
Crochet, 2002). 

[14] The projection from 
PPT/LDT neurons to 


The role of cholinergic neurons with descending 
projections in the induction and maintenance of REM 
sleep phenomena originating in pons and bulb is discussed 
in Chapter 11. 


9.2- Basal Forebrain Neurons Implicated in 
Tonic Cortical Activation 

Whereas the first step in the bisynaptic (PPT/LDT to 
TC to neocortex) activating pathway is cholinergic and the 
second glutamatergic, the parallel activating bisynaptic 
pathway from brainstem to NB and to cortex is different, in 
the sense that the first step is glutamatergic [14] and the 
second one, from NB to cortex, is, at least in part, choliner¬ 
gic. The presence of these two parallel activating pathways 
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Figure 9.6. Pedunculopontine tegmental (PPT) neurons of cat increase firing rates in advance of EEG 
activation during REM sleep. A, sequential mean frequency (SMF) of a PPT neuron during transition 
from EEG-synchronized sleep (S) to transitional epoch (SD) from S to EEG-desynchronized (activated) 
sleep (REM). Time 0 of SD (or pre-REM) epoch is the appearance of the first PGO wave. Time 0 of REM 
sleep is the earliest change from EEG synchronization to EEG activation. Abscissa indicates real time. In 
this and two following panels, the spontaneous firing baseline in S is indicated by dotted line. B, an aver¬ 
aged SMF in a pool of 14 PPT neurons during transition from S to REM sleep. Note increased firing rates 
about 40 s in advance of the first sign of EEG activation. C, since the transitional SD period comprises 
PGO waves, and in order to preclude that the precursor signs of increased activity in B were due to the 
appearance of PGO waves, the averaged SMF in C (a pool of 8 PPT neurons) shows that an increase in fir¬ 
ing rate occurs well before (about 30 s) the time 0 of the SD epoch. Unpublished data by M. Steriade, 
G. Oakson, S. Datta, and D. Pare. 







nucleus basalis (NB) 
neurons is excitatory but 
cannot be ascribed to 
cholinergic actions because 
ACh hyperpolarizes NB 
neurons (Khateb et al, 
1991), much the same as 
the action of ACh on 
brainstem cholinergic 
neurons (Leonard and 
Limas, 1994). We suggested 
that the excitatory actions 
from the brainstem 
reticular neurons to 
nucleus basalis (NB) 


(from brainstem to cortex, via synaptic relays within the 
thalamus or NB) is supported by in vivo experiments show¬ 
ing that brainstem-induced depolarization of cortical neu¬ 
rons, their enhanced excitability, and replacement of slow 
oscillations by fast rhythms, can be achieved after extensive 
lesions of either ipsilateral thalamus (Fig. 9.7) or NB [15]. 

The input-output organization of cholinergic and 
noncholinergic neurons of basal forebrain (including NB) 
nuclei is discussed in Chapter 3 (Sections 3.3.2 and 3.6) 
[16]. Suffice it to mention that the cholinergic projection 
from NB to cortex depolarizes cortical neurons and 
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Figure 9.7. Blockage of slow cortical oscillation by mesopon- 
tine PPT nucleus stimulation in thalamically lesioned ani¬ 
mals, thus implicating activation of the parallel pathway 
through the basal forebrain. Cats under urethane anesthesia. 
A, area 7 neuron, oscillating with depolarizing components 
separated by silent periods of 1-3 s, in close relation with 
EEG wave complexes initiated by surface-positive waves 
(upward deflections). PPT pulse-train (1.8 s, 30 Hz; horizontal 


line) replaced the slow oscillation by tonic firing. B, effect of 
PPT pulse-train (0.6 s, 30 Hz; horizontal bar) on slow oscilla¬ 
tion in area 5 neuron. Bl, under DC depolarizing current 
(+0.5 nA). B2, at the resting V m . C, kainate-induced lesion of 
the thalamus ipsilateral to recorded cortical neurons. 
Abbreviations: MD, mediodorsal nucleus; OT, optic tract; RE, 
reticular nucleus. Calibration bar is in millimeters. From 
Steriade et al (1993a). 
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changes their slow oscillatory potentials to fast rhythms 
[17]. Neurons recorded in NB nucleus of chronically 
implanted rats display the highest frequency activity during 
waking behavior and decrease their firing with the increase 
in power of slow waves in the cerebral cortex, with further 
diminished discharges at the onset of high-voltage cortical 
spindles [18]. Extracellular studies on juxtacellularly 
labeled and immunohistochemically identified cholinergic 
neurons in rat NB nucleus under urethane anesthesia show 
that such neurons fire in a rhythmic bursting fashion and at 
high rates during theta-like activity accompanied by fast 
rhythms [19], as is the electrical pattern of behavioral wak¬ 
ing in unanesthetized animals. As yet, there is no study of 
identified NB cholinergic neurons with cortical projections 
that would tonically increase their firing rates in advance of 
the earliest signs of EEG activation during transition from 
NREM sleep to either waking or REM sleep, as is the case 
for upper midbrain and bulbar reticular formation neu¬ 
rons with identified thalamic projections (see Figs. 9.1-9.2) 
and PPT/LDT neurons (see Figs. 9.5-9.6). However, as will 
be discussed in Chapter 13, inhibition of cholinergic and 
noncholinergic neurons of the NB by adenosine has 
marked effects on the cortical EEG, increasing delta activity 
and increasing the percentage of non-REM sleep. 

In addition to their cortical projections, NB choliner¬ 
gic and noncholinergic (GABAergic) cells project to some 
dorsal thalamic nuclei and, notably, to the thalamic reticu¬ 
lar GABAergic nucleus [20]. As both ACh and GABA 
inhibit reticular neurons, this projection is implicated in 
the inhibition of reticular neurons, pacemakers of sleep 
spindles [21], and thus contributes to activation processes. 


9.3. Brainstem Neurons and the Genesis of 
Pontogeniculo (thalamo )cortical 
Potentials 

PGO waves are stigma tic events of REM sleep when 
dreaming episodes occur. They are generated in different 
neuronal groups of the brainstem reticular core and are 
transferred to many TC systems, in addition to the visual one 
where they were originally thought to be confined. The 
interest for the PGO waves stemmed from the discovery that 
eye movement direction is related to gaze direction in dream 
imagery, coupled with data from animal experiments show¬ 
ing that saccadic REMs are coincident with PGO events [22]. 
These observations led to the consensus that PGO waves are 
physiological correlates of brain activation during dreaming 
sleep, “the stuff that dreams are made of.” 


are glutamatergic (Steriade 
et al., 1993a) and further 
experiments corroborated 
this assumption 
(Rasmusson et al , 1994, 
1996). Indeed, glutamate is 
colocalized with ACh in 
PPT/LDT neurons (Lavoie 
and Parent, 1994). 

[15] See Fig. 7 in Steriade 
et al. (1993a). 

[16] See also recent 
reviews of multiple output 
pathways of the basal 
fore brain and their 
functional roles in Semba 
(2002) and Jones (2003). 

[17] Metherate et al 
(1992). 

[18] Buzsaki etal 
(1988a4b). 

[19] Manns etal (2000a). 
Distinctly from NB 
cholinergic neurons, 
GABAergic neurons in the 
same nucleus are more 
active during irregular EEG 
slow wave cortical activity 
than during activation 
induced by stimuli (Manns 
et al, 2000b). 

[20] Steriade etal (1987b); 
Parent et al (1988); 
Asanuma (1989, 1997); 
Asanuma and Porter 
(1990). 

[21] Steriade etal (1987a). 


[22] Dement and Kleitman 
(1957b);Jouvet (1972). 
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In this chapter, we first discuss data on PGO genesis in 
the brainstem (Section 9.3.1). Thereafter (Section 9.3.2), 
we deal with the thalamic responses to the brainstem¬ 
generated PGO potentials, as revealed by intracellular stud¬ 
ies of reserpine-induced PGO waves and by neuronal record¬ 
ings in the lateral geniculate-perigeniculate (LG-PG) 
thalamic nuclear complex in naturally sleeping animals. 
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9.3.1. Brainstem Genesis of PGO Waves 


[23] Reviewed in Sakai 
(1980); Hobson and 
Steriade (1986). 

[24] Ruch-Monachon et al. 
(1976). 

[25] Hu et al (1988). 


[26] McCarley et al (1978); 
Sakai and Jouvet (1980); 
Nelson et al (1983). 

[27] Sakai (1985a,b). 


[28] McCarley and Ito 
(1983). 


A long series of experimental evidence, including 
stimulation, lesion, reversible cooling, and recordings of 
cellular activities have established that neurons which 
transfer the brainstem-generated PGO waves to the thala¬ 
mus are located in and around the PPT cholinergic 
nucleus [23]. That these thalamically projecting brainstem 
neurons are cholinergic is an assumption resulting from 
the demonstration that systemic administration [24] and 
iontophoretic application [25] of nicotinic antagonists 
into the thalamic LG thalamic abolish the thalamic PGO 
waves. Recent experiments have indeed shown that, at 
chronic stages after chemical lesions of PPT cholinergic 
perikarya, PGO waves are largely suppressed during REM 
sleep (Fig. 9.8) [6]. 

The electrophysiology of neurons implicated in the 
brainstem-thalamic transfer of PGO waves was worked out 
since the late 1970s. It was reported that some PB neurons 
from the PPT nucleus discharge groups of 3-5 spikes, 
reliably preceding by 10-25 ms the LG-PGO wave [26]. 
Antidromic identification of PGO-on burst cells was 
achieved by stimulating thalamic intralaminar nuclei [27]. 
There is a three-way correlation between eye movement 
direction and the discharge of PB burst neurons related to 
the LG-PGO wave: rightward eye movements drive right 
PB neurons that lead to predominantly right LG-PGO 
waves (Fig. 9.9). In addition to short-lead (10-25 ms) PB 
burst neurons, longer lead (50-150 ms) PGO-on neurons 
have been recorded from the medial pontine reticular for¬ 
mation (Fig. 9.10) [28]. 

It should be mentioned that PGO-on bursting cells 
recorded from the PPT nucleus merely represent <5% of 
the sampled brainstem population [26]. The question 
then arises: how does the vast majority of thalamically pro¬ 
jecting PPT neurons behave during PGO waves? Another 
question concerns the discharge patterns of PGO-on neu¬ 
rons during the waking-sleep continuum, including peri¬ 
ods of REM sleep free of PGO waves, and in particular: do 
PGO-on neurons selectively discharge spike bursts tempo¬ 
rally related to PGO waves, or do they also display other 




KA ) 8 Baseline Day (I min.) KA 18 Post-Lesion Day 22 (I min.) 


Figure 9.8. Kainate-induced destruction of PPT cholinergic cells and empty circles indicate tyrosine hydroxylase (TH)- 
neurons is followed by PGO suppression during REM sleep of positive cells as revealed in normal animals. At bottom, control 
chronically implanted cat. The frontal brainstem sections show polygraphic record of a cat before kaimc injection and 22 ays 
encircled territories of cell loss after kainic acid injections. after the injection; note disappearance of PGO waves in the 
Filled circles indicate choline acetyltransferase(ChAT)-positive thalamic LG nucleus. Modified from Webster and Jones (1988). 








Figure 9.9. Three-way correlation between PGO burst cell discharge, eye movement directionality, and 
primary PGO waves in the cat. A, two dorsal view drawings of the brain schematize eye movement direc¬ 
tion (EOG), laterality of amplitudes of PGO waves in thalamic LG nucleus, and a PGO burst cell being 
extracellularly recorded by a microelectrode. The left diagram (Ipsi) shows an eye movement toward the 
side of the recorded burst cell in the pons; the EOG trace is upward, the larger (primary) PGO wave is in 
the ipsilateral LGB, and there is a burst of spikes in the unit recording. In contrast, the right diagram 
(Contra) shows that with an eye movement away from the side of the recorded neuron, there is no burst 
of spikes, and the larger (primary) PGO wave is in the contralateral LGB. B, filmstrips show the raw data 
from which the diagrammatic conclusions in A were drawn. LGBi is PGO wave recording in the LG 
nucleus ipsilateral to the unit recording. Upward EOG traces are eye movements toward the side of the 
recorded neuron. Calibration, 50 ms. From Nelson et al (1983). 


types of activity during wake and sleep states? Until quite 
recently, the only indication was that some of the PGO-on 
bursting cells also displayed short bursts or single spikes in 
association with eye movement potentials (EMPs) during 
the waking state [26]. 

Since the thalamus is the major site where PGO waves 
are usually recorded, and the PGO thalamic response is a 
nicotinic event (see above), the assessment of the role 
played by PGO-on brainstem neurons should start with the 
antidromic identification of brain stem-thal ami c cells 
recorded within the limits of cholinergic PPT/LDT nuclei. 
These identification procedures are shown above (see 
Figs. 9.3 to 9.5). The extracellular data reported below, 
related to brainstem PGO-on elements, resulted from 
analyses of such neurons. 

Recordings of different classes of PGO-on cells 
located within the cholinergic PPT/LDT nuclei and acti¬ 
vated antidromically from various dorsal thalamic nuclei 
were performed during natural REM sleep of chronically 
implanted cats [12]. This study revealed various neuronal 
groups, discharging single spikes, trains of single spikes, or 
spike bursts with different patterns, preceding the nega¬ 
tive peak of PGO field potential recorded from the thalamic 
LG nucleus. 
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Figure 9,10. Intracellularly recorded long-lead PGO-on neu¬ 
rons in the cat medial pons. A, brainstem schematic at 0.8 mm 
lateral showing location of intracellularly recorded long-lead 
PGO-on neurons (closed circles) and neurons with lesser PGO 
wave correlation and/or no phase-leading relationship (open 
circles). Abbreviations: CAE, locus Coeruleus; TRN, tegmental 
reticular nucleus of Bechterew; FTG, gigantocellular tegmental 
field; 6, abducens nucleus; TB, trapezoid body. B, intracellular 
record (IC) of a medial pontine reticular formation (mPRF) 
long lead PGO-on neuron in the transition period, showing 
phase-leading discharge prior to primary PGO waves (upper 
trace) in the LGN ipsilateral to recording site. C (different 
neuron than in B), raster display showing that long lead 


PGO-on neuronal discharges began prior to time of onset 
(0 ms) of eight of nine (89%) ipsilateral LGN primary PGO 
waves. The height of each black bar is proportional to the 
number of discharges in each 100 ms bin; scale is provided by 
the bin in the second row from top with maximal number 
of discharges, n — 10 (rate of 100 spikes/s). Note consistency of 
discharge-PGO relationship. D, PGO wave-discharge cross- 
correlogram (same neuron as in part C). Top is average wave¬ 
form of 9 PGO waves (peak voltage is 400 pV); below is the 
associated discharge level of the long lead PGO-on neuron in 
spikes/s. Note marked acceleration of discharge rate at 80 ms 
prior to PGO wave onset (binwidth = 10 ms). From McCarley 
and I to (1983). 


1. Some PPT/LDT neurons fired single spikes 
preceding by 15-25 ms the negative peak of the LG-PGO 
field potential [29]. 

2. Another cell-class discharged trains of single spikes 
whose onset preceded by 100-200 ms the thalamic PGO 


[29] Intracellular 
recordings of similar 
neurons (firing single 
action potentials before 



the thalamic PGO 
potential) in 
reserpine-treated 
preparations disclosed 
that these single spikes 
rose from large composite 
EPSPs whose amplitudes 
grew with 
hyperpolarization 
(Pare et al> 1990a). 


wave. The tonic firing patterns of these PGO-on neurons 
was substantiated by interspike interval histograms of cel¬ 
lular activity taken during the period of PGO-related 
increased neuronal firing, indicating the presence of 
medium (10-25 ms) intervals and the virtual absence of 
short (<8 ms) intervals that would reflect spike bursts 
(Fig. 9.11). 

The class of PGO-on bursting neurons comprises a 
series of different neuronal types, displaying spike bursts 
with quite different structures. 

3. Some neurons discharge a group of 3-5 spikes, as 
already reported in previous investigations (see above, 
Fig. 9.9). However, the intraburst frequency in those neu¬ 
rons is well below (130-170 Hz) the frequency generated 
by a typical low-threshold somatic spike that usually ranges 
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Figure 9.11. PGO-on PPT cell with tonic discharge patterns during REM sleep of chronically 
implanted cat. A, peri-PGO histogram (10-ms bins) of PPT-cell’s discharges. Time 0 is the negative 
peak of the PGO wave recorded from the ipsilateral thalamic LG nucleus. Note increased firing about 
110 ms before the thalamic PGO wave. The level of spontaneous discharge during REM sleep 
(12.4 Hz) is indicated. B, interspike interval histogram (0.5-ms bins) of cell’s activities during the 
period of increased firing rate around time 0. Note medium intervals (10-25 ms) and virtual absence 
of short interval (below 8 ms) that would reflect presence of spike bursts. Unpublished data by 
M. Steriade, S. Datta, G. Oakson, and D. Pare. 
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above 250 Hz (see Chapter 5). Further intracellular 
studies should test the possibility that such PGO-on bursts 
of PPT/LDT neurons originate at the level of their 
dendrites. It is known that the spike bursts of thalamic 
reticular neurons have lower frequencies (160-170 Hz) 
than those (>250 Hz) of TC cells [30]. Correlatively, the 
rebound bursts of the former neurons originate in den¬ 
drites, whereas the rebound bursts of the latter neurons 
originate mainly the soma [31]. Anyway, the mechanism 
underlying stereotyped spike bursts, like those displayed 
during REM sleep by such brainstem PGO-on bursting 
cells, is probably the de-inactivation of a low threshold 
spike by membrane hyperpolarization (see Chapter 5). If 
so, the hypothesis that postulates that the genesis of PGO- 
on bursts involves a disinhibition of brainstem cholinergic 
neurons, consequent to the suppressed activity in 
monoaminergic elements, should be revised. Instead, we 
should rather investigate possible sources of inhibition act¬ 
ing upon PPT/LDT neurons, during which impulses of 
different origin may trigger the low-threshold spike and 
the superimposed bursts of fast action potentials. One of 
the likely source of inhibition acting upon PPT cells is sub¬ 
stantia nigra pars reticulata that consists of GABAergic 
neurons which project directly to PPT [32]. 

4. Other PPT neurons discharge high-frequency 
(500-600 Hz) spike bursts in close temporal relation with 
thalamic PGO waves. However, distinctly from what is 
known in literature, these bursts occur on a background of 
tonically increased discharge rates during REM sleep 
(Fig. 9.12) [12]. These data raise the intriguing possibility 
that high-frequency bursts may be generated at a depolar¬ 
ized level, at variance to what is expected for a common 
low-threshold Ca 2+ spike. 

5. Still another type of PPT/LDT neurons fire toni¬ 
cally, at high rates (>30 Hz), during epochs of REM sleep 
without PGO events and stop firing prior to and during 
thalamic PGO waves (Fig. 9.13). The behavior of these 
PGO-off cells is unexpected for cells located within the lim¬ 
its of brainstem cholinergic nuclei and is the functional 
counterpart of the heterogeneity of PPT/LDT nuclei. The 
admixture of cholinergic and monoaminergic neurons in 
the cat PPT nucleus was already discussed (see Chapter 3, 
Section 3.1.1), but such PGO-off cells are obviously not 
aminergic in the light of the virtual silence of aminergic 
neurons during REM sleep. The disclosure of GABAergic 
neurons within brainstem cholinergic nuclei [33] raises 
the possibility that PGO-off neurons, such as that illustrated 
in Fig. 9.13, are GABAergic, and that their silenced firing 
prior and during PGO waves could disinhibit adjacent neu¬ 
rons with tonically increased discharges during PGO waves. 


T30] Domich etal (1986). 


[31] Steriade and Llinas 
(1988). 


[32] Datta et al (1991). 


[33] Kosaka etal (1987). 
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Figure 9.12. Activity of PGO-on burst neuron in the PPT nucleus 
during REM sleep of chronically implanted cat. A, polygraphic 
ink-written record (unit discharges, deflections exceeding the 
common level represent high-frequency spike bursts; LG-PGO 
waves; and EOG) and original spikes with two different speeds, 
showing three (1 to 3) PGO-related bursts, as indicated on the 
first trace of the ink-written records. B, peri-PGO histograms (10- 
ms bins) of PPT cell’s discharges (time 0 is the negative peak of 


the LG-PGO wave) for single and clustered PGO waves (left and 
right panels, respectively). The level of overall spontaneous dis¬ 
charges in REM sleep (38 Hz) is also indicated. C, interspike 
interval histograms (0.5-ms bins) of PPT cell’s activity during the 
period of increased firing rate around the PGO events for single 
and clustered PGP wave (left and right panels, respectively). 
Note very short intervals (<3 ms) reflecting high-frequency 
bursts. Modified from Steriade et al (1990d). 
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Figure 9.13. Neuron in the PPT nucleus diminishing its firing rate or ceasing its discharges prior and 
during PGO waves during REM sleep of chronically implanted cat. A, ink-written recording with unitary 
discharges and LG-PGO waves. B, peri-PGO histogram (50-ms bins) showing decreased firing rate begin¬ 
ning about 300 ms prior to the negative peak of the LG-PGO wave. The level of overall spontaneous 
discharges during REM sleep (33.5 Hz) is also indicated. Modified from Steriade et al (1990d). 


These investigations in behaving animals [12] reveal 
the variety of PPT/LDT neurons related to the genesis of 
PGO waves (Fig. 9.14) as well as the organizational 
complexity of PPT/LDT circuits and related structures 
(Fig. 9.15), which defy simplistic statements on the proper¬ 
ties of neurons transferring PGO waves to the thalamus. 

The disclosure of these neuronal properties in the 
behaving animal are now followed by intracellular studies 
on reserpine-induced PGO waves in acutely prepared 
animals. 


9,3.2. Cellular Mechanisms of Thalamic 
PGO Waves 

Thalamic PGO waves are spiky, biphasic (initially 
negative) field potentials that are usually recorded in the 
thalamic LG nucleus where they display their maximum 
amplitudes because of the LG laminated structure. Other 
thalamic nuclei that exhibit PGO waves include especially 
the associational visual (pulvinar and lateral posterior), 
rostral intralaminar, and the anterior nuclear group. This 
diffusion throughout the thalamus of a phenomenon that 
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[34] Pare et ai (1988); 
Steriade et al (1988). 


[35] See Steriade et al 
(1993d). 

[36] For a review of those 
early studies, see Steriade 
and Hobson (1976). 


[37] See Jouvet (1972) and 
Hobson and Steriade 
(1986) for reviews of 
monoamine depletors 
leading to the appearance 
of REM sleep signs. 

[38] Deschenes and 
Steriade (1988); Hu et al 
(1989c). 


was initially regarded as restricted to the geniculostriate 
system is not surprising since brainstem cholinergic neu¬ 
rons which give rise to PGO waves project to virtually all 
relay, associational, and intralaminar thalamic nuclei in 
cats and monkeys [34]. 

PGO herald REM sleep by about 30 to 90 s, appearing 
as high-amplitude isolated events that precede the other 
key signs of REM sleep (EEG activation, muscular atonia, 
and ocular saccades), and they continue throughout the 
state of REM sleep as clustered waves with lower ampli¬ 
tudes. Thus, the thalamic transfer of brainstem-generated 
PGO signals has to be considered in two distinct stages: 
(1) the transitional period between EEG-synchronized and 
EEG-activated (REM) sleep, during which PGO waves 
appear over the background of a fully synchronized EEG 
(see Fig. 1.5 in Chapter 1, up to EEG activation; and panel 
B in Fig. 9.2 in this chapter); this period is termed here¬ 
after pre-REM ; and (2) the REM sleep associated with EEG 
activation. Besides the change from high-amplitude 
isolated PGO waves to clustered PGO waves with lower 
amplitudes, the pre-REM and REM sleep should be disso¬ 
ciated because thalamic neurons display opposite firing 
modes during behavioral states associated with EEG 
synchronization versus states accompanied by EEG activa¬ 
tion: they are hyperpolarized during the former, and 
tonically depolarized by 7-10 mV during the latter [35]. 
These two distinct stages have not been analyzed in previous 
works dealing with the PGO-related neuronal activity in 
the thalamus [36]. 

We shall discuss the thalamic transfer of PGO on the 
basis of recent experiments using intracellular recordings 
of LG TC neurons in acute experiments on reserpine- 
treated cats [37] and extracellular recordings of LG 
neurons in chronically implanted, naturally sleeping cats. 

The intracellular studies on reserpine-induced thala¬ 
mic PGO waves [38] were carried out in cats under 
urethane anesthesia because the brainstem-thalamic PGO 
response is a cholinergic event (see below) and the cholin¬ 
ergic activation of TC neurons is blocked by very low doses 
of barbiturates. The animals were acutely deprived of 
retinal and visual cortex inputs to prevent massive synaptic 
bombardment and to avoid activation of LG neurons 
through circuitous pathways involving cortical neurons. In 
such simplified experimental conditions, the intracellular 
response of LG cells to “spontaneous” PGO waves occur¬ 
ring under reserpine treatment are quite stereotyped and 
they resemble the LG response to stimulation of brainstem 
PB area in the PPT nucleus, which contains the neurons of 
the final common path transferring brainstem-generated 
PGO waves to the thalamus. The thalamic field PGO waves 
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Figure 9.15. Tentative schemes of cellular interactions underlying the genesis of PGO waves and their 
transfer from PB(PPT)/LDT nuclei to the thalamus (TH). Top, three frontal sections (from rostral to 
caudal) depicting the inputs to PB area from substantia nigra pars reticulata (SNr), central tegmental 
field (FTC), and the paramedian pontine reticular formation (PPRF). Other abbreviations: BC, 
brachium conjunctivum; BP, brachium pontis; CG, central gray; MG, medial geniculate nucleus; PP, pes 
pedunculi; RN, red nucleus; SC, superior colliculus. Bottom, hypothesized excitatory ( + ) and inhibitory ( —) 
interactions between four cellular types (PGO-on and PGO-off) in PB(PPT)/LDT nuclei. Symbols: SB, 
sluggish burst; HB, high-frequency burst; Off, PGO-off cell; T, tonic cell. See also main text. From 
Steriade etal (1990d). 


Figure 9.14. Analyses of PGO-related activities in pools of PGO- 
on sluggish-burst neurons (A, n = 5), PGO-on high-frequency 
burst neurons with tonically increased firing rates in REM 
sleep (B, n = 11), PGO-on tonic neurons (C, n— 10), REM-on 
but PGO-off neurons (D, n = 3), and post-PGO-on neurons 
(E, n~ 11). Peri-PGO spike histograms (PPSHs) are depicted 
in left columns for all cellular types. Peri-PGO interval 


histograms (PPIHs) are depicted in right columns for A-C and 
E cellular types. Symbol E in PPIHs: percentage of PGO-related 
intervals in excess of the depicted time range. In D (right 
column), asterisk depicts a pooled interspike interval 
histogram from REM sleep, instead of a PPIH, since the peri- 
PGO activity consists of a drop in firing rate. From Steriade 
etal (1990d). 
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obtained in these restricted acute experimental conditions 
are almost identical to those described in chronically 

implanted, naturally sleeping animals [39, 40], namely: [39] Brooks and Gershon 

they start with an initial focal negativity, followed by a (1971). 

longer duration positivity that may have a negative notch ^40] Stenade etal (1989). 

on its rising phase or may be followed by a second full 

negative component whose peak follows the peak of the 

first negativity by about 80 ms (see Figs. 9.16A and 9.17). 

Thus, the total duration of PGO waves varies between 200 
and 500 ms, depending upon the time-course of the 
positive phase. 



field 


2s 

Figure 9.16. Simultaneous recordings of spontaneous PGO waves and intracellular events in two LG thal¬ 
amic relay neurons of cat. Traces in A were recorded under urethane anesthesia, and those in B in a 
brainstem-transected cat. Both animals were treated with reserpine (1 mg/kg, i.p.) 24 hr before the 
recording sessions. From Hu et al (1989c). 
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Figure 9.17. Sample of spontaneous PGO waveforms with their intracellular counterparts taken from two 
LG thalamic neurons (A and B) in cats under urethane anesthesia and reserpine treatment. Negative 
PGO waves showing a smooth return toward the baseline were usually correlated with pure depolarizing 
events in LG neurons (A1 and Bl). When the negativity was interrupted by a positive going deflection, a 
prominent IPSP was always present in the intracellular traces (A2, B2-3). Double-notched PGO 
waveforms were correlated with the appearance of a second IPSP in the traces (B3). Vertical lines indicate 
the IPSP onset and emphasize the close time relation between IPSPs and the positive upswing in the field 
potentials. All cells were slightly hyperpolarized to prevent spike discharges. From Hu et al (1989c). 


The intracellular events of LG TC neurons associated 
with the PGO field potential recorded in the vicinity of the 
micropipette can be summarized as follows. Each PGO 
field potential is associated in the intracellular recording 
with a depolarizing potential, interrupted by a short- 
lasting (50-60 ms) hyperpolarization whose initiation lags 
the onset of the depolarizing component by 40 to 80 ms 
(Fig. 9.16). The total duration of the depolarization is 
about 200-300 ms and firing may occur during the early 
phase (2nd and 3rd PGO waves in Fig. 9.16A) or after the 
completion of the hyperpolarizing component (6th PGO 
wave in Fig. 9.16A, and 1st PGO wave in Fig. 9.18, Al). 

The expanded intracellular records in Fig. 9.17 show 
that: (1) the field negativity is associated with a purely 
depolarizing potential (Al and Bl); (2) a positive-going 
upswing deflection correlates with a transient hyperpolar¬ 
ization (A2); and (3) a second positive upswing in the field 
potential is associated with a second hyperpolarization 
(B3). Upon passage of hyperpolarizing currents, the 
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Figure 9.18. Effect of membrane hyperpolarization on PGO waves recorded intracellularly in LG 
neurons of reserpinized cats under urethane anesthesia. Spontaneous PGO waves were recorded at rest 
(Al) and during a sustained injection of inward current (A2). Note that the depolarization increased 
in amplitude while the size of IPSPs decreased. In the other example (B), the cell displayed at rest 
a stereotyped PGO activity consisting of doublets: a biphasic PGO wave followed by a monophasic one. 
Membrane hyperpolarization to —68 mV (B2) increased the size of the depolarization and when 
the membrane potential reached — 74 mV (B3), a low-threshold response with a fast action potential was 
triggered by the first PGO event. From Hu et al (1989c). 



[41] See Fig. 9 in Hu et al. 
(1989c). 


amplitude of the depolarizing potential increases, whereas 
the amplitude of the hyperpolarization decreases 
(Fig. 9.18, A2). When PGO waves occur in doublets, the 
first wave is made of a depolarization followed by a hyper¬ 
polarization, while the second one consists of a pure 
depolarization (Fig. 9.18, Bl). Upon hyperpolarization by 
8 mV, the depolarization becomes larger (B2) and further 
hyperpolarization reaching 12 mV from the resting mem¬ 
brane potential triggers a low-threshold spike (B3); simul¬ 
taneously, the hyperpolarizing component becomes 
smaller and eventually is no longer visible. The membrane 
conductance increases by 25-40% during the PGO wave, 
and this is observed even when the hyperpolarizing event 
is not detectable [38]. 

Iontophoresis of nicotinic blockers (mecamylamine or 
hexamethonium) in the thalamic LG nucleus strongly 
depresses the unit activity related to “spontaneous” PGO 
waves under reserpine or to PGO waves evoked by brainstem 
PPT stimulation, while muscarinic blockers (scopolamine) 
have no significant effect on PGO-related unit activities [25]. 
These data are in line with earlier results obtained by means 
of systemically injected mecamylamine [24]. 

In conclusion, the thalamic PGO wave involves a 
direct nicotinic excitation of LG relay cells by brainstem 
cholinergic neurons and an activation of intra-LG 
inhibitory interneurons that is reflected in the PGO- 
related inhibitory postsynaptic potential (IPSP) seen in 
LG relay cells. In fact, presumed LG interneurons display 
an initial depolarization during PGO field potentials that 
may reach firing that is closely coupled with the IPSP onset 
in LG relay cells [41]. While the GABAergic neurons in the 
PG sector of the thalamic reticular nucleus are also acti¬ 
vated during PGO waves in the chronically implanted, nat¬ 
urally sleeping animal [40], the PG neurons do not fire in 
response to the brainstem PB volley in the restricted, acute 
experimental conditions involving visual cortex ablation 
[38], probably because their discharges require a certain 
depolarizing pressure from corticofugal fibers. Thus, in 
the acute intracellular recordings reported above, the only 
source for the IPSPs observed in LG relay cells is the pool 
of intra-LG GABAergic interneurons. 


9.3,3. PGO-Related Thalamic Neuronal 
Activities During Natural Sleep 

By contrast with reserpine-induced PGO waves in 
acutely prepared animals, which do not exhibit fluctua¬ 
tions in behavioral states (so-called state-independent 
PGO waves), the naturally sleeping animal provides the 
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advantage of studying the cellular correlates of thalamic 
PGO waves during two different stages of the sleep cycle: 
the pre-REM transitional epoch accompanied by EEG syn¬ 
chronization (see Fig. 1.5 in Chapter 1) and the full-blown 
REM sleep associated with EEG activation. As mentioned 
above and in Chapter 5, thalamic neurons operate in two 
distinct modes during states associated with EEG synchro¬ 
nization as opposed to EEG-activated behavioral states. 
During EEG-synchronized sleep, almost 50% of interspike 
intervals of LG-cells’ spontaneous discharges are grouped 
between 2 and 3 ms, thus reflecting the high intraburst fre¬ 
quencies (>300 Hz) characteristic for this stage of sleep, 
and the relation between LG thalamic bursts and spindle 
waves at 7 Hz is reflected by a late mode at 120-160 ms in 
the interspike interval histogram, representing the silent 
periods between 7-Hz spike bursts (see top panel in 
Fig. 9.19). On the other hand, during REM sleep, the pro¬ 
portion of intervals within the 2-3 ms class is negligible, 
betraying the inactivation of bursts due to the tonic depo¬ 
larization of LG relay cells (bottom panel in Fig. 9.19). 
The pre-REM stage is intermediate between the EEG- 
synchronized sleep and REM sleep. 

What is then the thalamic response to the brainstem¬ 
generated PGO volley during the pre-REM stage when TC 
neurons are hyperpolarized by about 7-10 mV and during 
REM sleep when the same neurons are tonically depolar¬ 
ized? And how do these possibly different responses of LG 
neurons influence the signal-to-noise ratio in the visual 
channel, that is, the ratio between the neuronal activity 
related to the PGO signal and the background firing of the 
same cell? As PGO waves are commonly regarded as the 
physiological correlate of dreaming, the last question may 
give clues as to the vivid imagery during the pre-REM 
stage, as compared to REM sleep. These topics have 
been investigated in the chronically implanted, behaving 
cat [40]. Thus, the activity of LG neurons related to PGO 
field potentials, simultaneously recorded with the same 
microelectrode, is quite different during pre-REM and 
REM sleep. (1) During pre-REM, the activity of LG 
TC cells starts with a short (7-15 ms), high-frequency 
(300- 500 Hz) spike burst coinciding with the initial nega¬ 
tivity of the PGO wave, and continues with a train of single 
spikes at 50-80 Hz, lasting for 200-400 ms (Fig. 9.20, top 
panel). (2) During REM sleep, the rate of LG-cells’ sponta¬ 
neous firing is 1.5- to 3-fold higher than in pre-REM, the 
peak-to-peak amplitudes of PGO waves are 2-3 times 
lower, and the PGO-related activity of LG neurons lack the 
initial high-frequency burst that is characteristic for the 
pre-REM stage (Fig. 9.20, bottom panel). The peri-PGO 
histograms of neuronal activities in the two LG elements 
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Figure 9.19. Interspike interval histogram (ISIH) of an LG thalamocortical cell during slow-wave sleep 
(SWS), pre-REM stage, and REM sleep in chronically implanted cat. In each state, two ISIHs are shown, 
with 1-ms bins (left) and 10-ms bins (right). Symbols: N, number of intervals; X, mean interval (in ms); 
M, interval mode (in ms); C, coefficient of variation; E, proportion of intervals in excess of the depicted 
time range. Since the percentages of intervals exceed the ordinate maximum in first bins of right panels, 
the real percentages are indicated. From Steriade et al (1989). 
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Figure 9.20. PGO-related activity of an LG thalamocortical (TC) cell during pre-REM epoch and REM 
sleep in chronically implanted cat. Ink-written records depict unit discharges (deflections exceeding the 
common level of single spikes represent high-frequency spike bursts), focal waves recorded by the same 
microelectrode, electrical activity in the contralateral LG nucleus recorded by a coaxial electrode, eye 
movements (EOG), and cortical EEG. In both pre-REM (A) and REM (B) sleep, PGO-related unit activity 
is depicted with original spikes below each ink-written recording. Note the tonically increased firing rate 
in REM, the smaller amplitudes of PGO field potentials in REM (compared with pre-REM), and the 
absence of PGO-related spike bursts in REM (contrasting with their presence, arrows, in pre-REM). From 
Steriade et al. (1989). 



[42] Dement et al (1969; 
pp. 310-311). 


depicted in Fig. 9.21 show that the signal-to-noise ratio 
reaches values of about 6 to 7 during the pre-REM epoch, 
whereas the ratio values during REM sleep are between 1.5 
and 2.5. Less dramatic but consistent effects are seen when 
examining the pooled signal-to-noise ratio in all analyzed 
LG neurons, with values of 2.4 during pre-REM and 1.6 
during REM sleep (Fig. 9.22). 

The stereotyped features of the burst which starts the 
PGO-related activity of LG neurons during the pre-REM 
stage indicates that it is probably a low-threshold Ca 2+ 
spike crowned by high-frequency Na + action potentials 
(see Chapter 5). Further evidence for this assumption 
comes from the peri-PGO burst occurrence showing a 
markedly decreased probability of bursts for 300-400 ms 
after the PGO wave (Fig. 9.23). It is known that the relative 
refractory period of the low-threshold spike in thalamic 
neurons may reach 200-300 ms [31]. The hypothesis then 
emerged that the much larger amplitude of spiky PGO 
field potentials during the pre-REM stage, as compared to 
PGO waves during REM sleep (see averaged PGO field 
potentials in Fig. 9.21), is due to synchronous bursts in 
pools of LG neurons. 

The greater signal-to-noise (PGO-to-spontaneous dis¬ 
charge) ratio in the geniculostriate channel during the 
pre-REM stage than during REM sleep suggests that the 
vivid imagery associated with dreaming sleep may appear 
well before REM sleep, during a period of apparent EEG- 
synchronized sleep. As to whether or not one may speak 
about dreaming behavior when discussing results obtained 
in animal studies, a positive answer is provided by experi¬ 
ments in which a behavioral repertoire typical for dream¬ 
ing mentation was obtained after having prevented 
muscular atonia by adequate lesions of certain brainstem 
structures (see Chapter 1). The idea that PGO waves with 
greater amplitudes during the pre-REM stage may reflect 
more vivid imagery during that epoch than even during 
REM sleep [40] corroborates earlier data [42] in which 
the rebound (or compensation) phenomenon was studied 
after REM sleep deprivation in cats. Instead, however, of 
the standard deprivation of REM sleep, those investigators 
interrupted sleep immediately after the occurrence of the 
first PGO wave (during the period we term pre-REM) and 
eliminated about 30 s of the EEG-synchronized sleep that 
precedes fully developed REM sleep [42]. The comparison 
between the standard REM sleep deprivation and the “PGO 
deprivation” led to the conclusion that “the crucial factor 
in the so-called REM sleep deprivation-compensation 
phenomenon is the deprivation of phasic events.” And the 
increase in total REM time after deprivation was regarded 
“as a response to an accumulated need for phasic events, 
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Figure 9.22. Pooled peri-PGO histograms of unit discharges in a sample of 15 LG thalamic relay neurons 
during pre-REM and REM sleep in naturally sleeping cats. Time 0 taken at the same point as in 
Figure 9.21. Level of spontaneous firing (16.6 and 26.8 Hz) is also indicated. From Steriade et al (1989). 


Figure 9.21. Peri-PGO histogram of LG unit discharges and spontaneous discharges (11.8 Hz, etc) is also indicated in each 

averaged focal PGO waves from the same epochs during pre- histogram. A, 19 PGO events in pre-REM, 11 PGO events in 

REM and REM sleep in chronically implanted cat. A and B, two REM sleep. B, 8 PGO events in pre-REM, 23 PGO events in 

LG thalamocortical (TO) neurons. The average level of REM sleep. From Steriade et al (1989). 
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Bursts/Min Pre-REM 



Time (mS) 


Figure 9.23. Probability of high-frequency spike bursts before and after pre-REM PGO waves in a sample 
of 11 LG neurons. Time 0 is the peak of the negative PGO wave (as in two preceding figures). For criteria 
of bursts and their computer-detection, see Methods in Steriade etal. (1989). 


rather than a response to the loss of REM sleep per se”. 

The observation that some of the dream reports from 
EEG-synchronized sleep are indistinguishable from those 
obtained from REM sleep awakenings [43] suggests that [43] Hobson (1988); 
such dreams occur during the pre-REM stage and invites see also Hobson and 
researchers to explore the dreaming imagery during the Pa c e - Sch °tt (2002). 
period immediately preceding REM steep in humans. 
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Motor Systems 


The first seven sections of this chapter review the brainstem 
oculomotor system, while the last sections will review 
mechanisms involved in production of the muscle atonia 
of REM sleep. With respect to the oculomotor system, 
conjugate eye movements include saccades, pursuit 
movements, and the eye movements associated with opto¬ 
kinetic and vestibular nystagmus. In this chapter we shall 
review in some depth the brainstem role in production of 
one of these conjugate eye movements, saccades, since 
these play such a prominent role in both waking and REM 
sleep and much has been learned about their brainstem 
mechanisms. 


10 • L Saccadic Eye Movements 

Saccades are rapid eye movements comprised of a 
rapid acceleration to peak velocity and a deceleration that 
brings the eye to its final position. In primates, saccades 
usually last 15-100 ms and may have peak velocities of 
more than 500 degrees per second. All saccades are 
thought to share a common generator, and it is this com¬ 
mon brainstem generator that has been the subject of 
[1] Fuchs etal (1985). intense and productive work over the last 20 years [1]. We 

will adopt an “outside in” approach and describe the sys¬ 
tem beginning at the oculomotor neurons and then move 
centrally. The anatomical locus of the various neuronal 
types involved in saccade generation will be described in 
conjunction with the physiology. It is worth emphasizing 
that the somewhat vague term “paramedian pontine retic¬ 
ular formation” (PPRF) used in early papers to describe 
the locus of reticular neurons participating in saccade gen¬ 
eration can, in most cases, be replaced by more precise 
anatomical terms. 
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10.1. L Physiological Properties of 
Oculomotor Neurons 

During visual fixation, oculomotor neurons discharge 
tonically at a fixed rate proportional to the degree of mus¬ 
cle tension required to maintain the fixation. Hence, rate 
is maximal at the extreme “on” direction of the controlled 
muscle, such as extreme leftward fixation for the left 
abducens motoneurons. Threshold for the onset of this 
tonic discharge is usually within 10-20° in the “off’ direc¬ 
tion, that is, rightward fixation for left abducens motoneu¬ 
rons. Between threshold and maximal rate each neuron 
has its own constant of proportionality, termed K, relating 
firing rate and fixation change in degrees. Typical lvalues 
range from 1-12 spikes per second per degree. 

For saccadic changes in position in the “on” direction, 
there is a rapid acceleration of firing rate some 8 ms prior 
to saccade onset, then a slight decrease in frequency dur¬ 
ing the saccade, with a rapid deceleration and cessation of 
discharge some 10 ms prior to saccade end (Fig. 10.1). 
The duration of this heightened firing rate codes saccade 
duration, which in turn determines the magnitude of eye 
position change. The convention in the oculomotor litera¬ 
ture is to refer to the heightened firing rate as a “burst,” 
and to designate neurons with a firing pattern consisting 
of short-term or phasic discharges as “burst” neurons. 
Because this convention is so well entrenched we will use 
it, but the reader is warned that the term “burst” pattern 
would, in our opinion, be better rendered as “phasic” pat¬ 
tern so as to reserve the term “burst” for truly stereotyped 



Figure 10.1. Discharge pattern of an identified motoneuron in horizontal channel (H) indicates the “on” and “off’ directions 

the abducens nucleus of the monkey. The arrow above the of this motoneuron. From Fuchs et al (1985). 
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[2] Grantyn and Grantyn 
(1978). 


[3] Goebel et al (1971). 

[4] Lang etal (1982); 
Henn etal (1984b). 


[5] Buttner-Ennever and 
Buttner (1978). 

[6] Graybiel (1977a). 


clusters of spikes, such as those seen with Ca 2+ spikes in 
thalamic and brainstem reticular neurons (see Chapter 5). 
It is of interest from the point of view of intrinsic proper¬ 
ties of neurons that abducens neuronal discharge frequen¬ 
cies during a saccade are frequently 400 spikes/s and may 
peak at 800 spikes/s. However, only the first 3-5 spikes 
have shorter interspike intervals than the steady-state level, 
which is always reached within 50 ms, shorter than the 
usual burst [2]. Thus, while it is indeed possible that the 
initial spikes might reflect a pattern determined by intrin¬ 
sic membrane properties (see Chapter 5), the entire run 
of clustered spikes characteristic of an oculomotor system 
“burst neuron,” is too long for this explanation. Other 
characteristics of motoneuron firing during saccades 
are determined by input from afferent neurons. It is 
thought that in general the “tonic” and “phasic” compo¬ 
nents are coded separately. Special cases are medial 
and lateral rectus motoneurons, which receive inputs from 
the contralateral abducens and from the prepositus 
hypoglossi, respectively, which have combined “tonic- 
phasic” information. 


10.1.2. Afferents to Oculomotor Neurons: 

Lesion Studies 

That the site of afferent input generating the saccade- 
related discharge of motoneurons was the nearby reticular 
formation was suggested by early electrolytic [3] and, later, 
kainic acid lesions [4] placed in the pontine reticular for¬ 
mation (PRF) region rostral to abducens and bounded 
dorsally by medial longitudinal fascicle (MLF) and ven- 
trally by nucleus reticularis tegmenti pontis. Unilateral 
lesions in this reticular zone produce an enduring paraly¬ 
sis of horizontal eye movements toward the side of the 
lesions. Vertical eye movement deficits are produced by 
unilateral lesions in the rostral interstitial nucleus of the 
MLF (riMLF, a portion of midbrain reticular formation) in 
the monkey [5] and of the homologous nucleus of the pre- 
rubral field in the cat [6]. Bilateral kainic acid lesions, 
even small, in caudal PRF lead to a severe disruption of 
rapid eye movements in all directions (Fig. 10.2). These 
studies suggest that a population of neurons important for 
horizontal eye movements is present in the rostral PRF and 
that a population important for vertical eye movements is 
present in the midbrain reticular formation, whereas the 
caudal PRF may be important for all saccades. Anatomical 
studies described below have more specifically implicated 
these and other portions of brain stem reticular formation 
as projecting to abducens and other oculomotor nuclei. 
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Figure 10.2. Bilateral kainic acid lesions in the caudal PPRF of two monkeys (H72 and H64) that dis¬ 
rupted saccades in all directions, even when the lesions were small (H64). Numbers above drawings of 
sections indicate stereotaxic planes of coronal sections. BC, brachium conjunctivum; MLF, medial longi¬ 
tudinal fasciculus; PH, nucleus prepositus hypoglossi; VI, abducens nucleus; VII, facial nucleus; n. VII, 
facial nerve. From Henn et al (1984b). 


10.1.3. Efferent Projections of 
Abducens Neurons 


In addition to neurons innervating the lateral rectus, 
and the projections of internuclear neurons to the group of 
medial rectus motoneurons in the oculomotor complex, 
there are projections to other oculomotor structures. About 
one-third of the internuclear neurons have axon collaterals 
that extend caudal to the abducens nucleus [7] where they 
may innervate the nucleus prepositus hypoglossi and parts 
of the vestibular complex [8]. There is also a population of 
abducens neurons that project directly to the flocculus 
of the cerebellum [9]. Thus, the abducens neurons have a 
much larger function than simple contraction of the lateral 
rectus muscle. 

Physiological studies have described three types of 
brainstem neuron with discharge patterns linked to sac- 
cades. These are “burst” neurons, “omnipause” neurons 
and “tonic” neurons, and will be discussed in this order. 


[7] Highstein etal (1982). 


[8] Baker and McCrea 
(1979). 

[9] Alley et al (1975); 
Langer etal (1985). 


10.2* Burst Neurons 

10.2.1. Burst Neuron Physiology 

Short-lead burst neurons (SLBNs) is the term used to 
designate the reticular neurons whose discharge com¬ 
mences about 8-10 ms prior to saccades, and continues 
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TIME (MSEC) 50 


Figure 10.3. Activity of an ipsilateral short-lead burst uni tin the Insets in A and B are high-speed records of one 
cat during saccadic eye movement (A) and the quick-phase horizontal rapid eye movement and associated unit activity; 


movements of rotationally induced vestibular nystagmus (B). 
In A and B, upper trace is vertical and middle trace is horizon¬ 
tal eye position. The time calibration for both shown below B. 


inset time calibration is shown below B and eye movement cali¬ 
bration is the same as in low-speed records. From Keller 
(1974), 
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“long-lead” burst neurons (LLBNs), whose discharge onset 
may occur 100 ms or more prior to saccade onset. 
(Fig. 10.4 schematizes the discharge patterns of the vari¬ 
ous types of burst neurons described in this section.) 
While the SLBNs and LLBNs were originally described as 
separate [10], they now appear to be on a continuum, 
since intermediate lead times have now been described in 
cat and monkey [11]. Most pontobulbar burst neurons 
discharge most vigorously and earliest for ipsilateral hori¬ 
zontal saccades, although these neurons also show some 
discharge for vertical saccades. A smaller population of 
pontine neurons have near-vertical on-directions and still 
fewer have oblique on-directions. 

There are two sub-classes of burst neurons. 

Excitatory burst neurons (EBN) make monosynaptic 
excitatory connections with the ipsilateral abducens 
nucleus [12] and are localized to the ipsilateral dorsal 
PRF in both cat and monkey, as is more fully described 
below. These neurons are most dense within 2.0 mm of 
the midline in the cat [13]. Both SLBNs and LLBNs are 
found in this region, although in monkey LLBNs tend to 
occur more rostrally in the nongiant cell portion of 
PRF [10, 14]. 

Inhibitory burst neurons (IBN) [15] monosynaptically 
inhibit contralateral abducens neurons, are located in the 
dorsomedial pontobulbar reticular formation caudal and 


[10] Luschei and Fuchs 
(1972). 

[11] Kaneko etal. (1981); 
Scudder et al (1982). 


[12] Sasaki and Shimazu 
(1981). 

[13] Keller (1974). 


[14] Hepp and Henn 
(1983). 

[15] Hikosaka et al (1978). 
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Figure 10.4. Schematic discharge patterns of the different types of burst neurons for three sizes of 
horizontal on-direction saccades. To the right, the number of action potentials in the burst is plotted as a 
function of saccade size for each unit type. The units are an excitatory (EBN) or an inhibitory (IBN) 
burst neuron, a long-lead burst neuron (LLBN), a trigger burst neuron (TRIG), and a vector burst 
neuron (VECTOR). From Fuchs etal (1985). 


[16] Kaneko and Fuchs 
(1981); Scudder et al 
(1988). 

[17] Biittner and Henn 
(1979); King and Fuchs 
(1979). 

[18] Nakao and Shiraishi 
(1983). 

[19] Biittner et al (1977). 

[20] Robinson and Zee 
(1981). 


[21] van Gisbergen etal 
(1981). 

[22] Yoshida etal (1981). 

[23] Henn and Cohen 
(1976). 


ventromedial to the abducens nucleus, and consist of both 
SLBNs and LLBNs in both cat and monkey [16]. 

Burst neurons with vertical on-directions have been 
recorded in the riMLF [17]. They resemble pontine 
SLBNs, but have shorter lead times. Within this area are 
both excitatory and IBN [18]. 

Most SLBNs have nearly horizontal or vertical pre¬ 
ferred directions, and this may reflect coding either 
along the pulling planes of the extraocular muscles [19] 
or along the planes of the semicircular canals [20]. One 
approach to decoding saccade generation has been to 
evaluate certain parameters of SLBN discharge as deter¬ 
mining saccade duration, peak velocity, and saccade 
size [10, 13, 16, 21, 22]. Another approach has been to 
consider saccades as vectors, with both angle and mag¬ 
nitude encoded by properties of pontine reticular neu¬ 
rons [14, 23] and it was concluded that SLBNs are the 
final common pathway for all rapid eye movements. 
Targets are initially centrally coded not in retinal but in 
head (spatial) coordinates. This centrally available target 
information is processed into a neuronal signal encoding 
an eye displacement vector to the target in the superior 
colliculus (SC) and the frontal eye fields (see below for 
discussion of these zones). The transformation of this 
spatial coding to the temporally coded discharges of 
SLBNs has been the object of a study that quantitatively 
analyzed the rapid eye movement parameters of LLBNs 
in monkey PRF in relationship to the corresponding fir¬ 
ing patterns of SLBNs [14]. It was found that burst neu¬ 
rons in rostral PRF have predominantly spatially coded 
movement fields while in the caudal PRF there is temporal 
coding of burst strength in the pulling directions of 
extraocular eye muscles (near horizontal or near verti¬ 
cal) . Both rostral and caudal PRF populations have ipsi- 
lateral on-directions and contain LLBNs. The temporally 
coded long-lead bursters, termed “direction bursters or 
D-burster” have discharge patterns similar to SLBNs, save 
for earlier “on” latencies and some preferences for small 
or large oblique saccades. The new feature postulated 
[14] is that the spatially coded burst neurons form a 
motor map of saccadic vectors. These spatially coded 
LLBNs are called “vector bursters or V-bursters” and dis¬ 
charge only for saccades to a limited region of the visual 
field, termed the cell’s “motor field.” The following 
signal transformation sequence was postulated. SC proj¬ 
ects to V-bursters in spatial coding (head coordinates). 
V-bursters project to D-bursters in both PRF and mesen¬ 
cephalic reticular formation (MRF) and it is this projection 
which effects the transformation from head coordinates 
to eye position coordinates. 
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10.2.2. Anatomical Connectivity of 
Burst Neurons 

10.2.2.1. Anatomy of Pontobulbar Reticular 
Projections to Abducens 

Pontine reticular formation projections to abducens 
were first shown in anterograde tracing experiments in the 
cat [24], In the region rostral to the abducens in the mon¬ 
key, neurons projecting to the abducens are confined 
almost entirely to the ipsilateral region dorsomedial or 
medial to the large cell regions of the rostral and caudal 
medial PRF, while in the cat they are somewhat more dis¬ 
persed and mingled with the large neurons of this region 
[25]. These neurons undoubtedly correspond to the 
physiologically defined EBNs. 

In the cat just at and slightly caudal to the level of 
abducens, is another cluster of neurons in a contralateral 
region just lateral to the MLF but medial to the lateral bor¬ 
der of abducens and extending dorsoventrally from the 
ventral border of abducens approximately to the same 
level ventrally as the MLF. This region is devoid of giant 
cells, being both somewhat dorsal to the giant cell zone 
and also in the pon tomedullary junction portion of PFTG 
and BFTG that is without giant cells. In the monkey, the 
abducens projecting cells occupy approximately the same 
contralateral nongiant cell region as in the cat. These con- 
tralaterally situated neurons correspond to the physiologi¬ 
cally defined group of IBNs. In the monkey, but not the 
cat, a few contralateral neurons are seen in reticular core 
rostral to the rootlets of the abducens nerve, in accord 
with physiologically defined burst neurons that fire before 
contralateral saccades [10, 23]. 


10.2.2.2. Nonreticular Brainstem Projections to 
Abducens 

In both the cat and the monkey, the largest source of 
abducens afferents was found to be bilateral projections 
from the ventrolateral vestibular nucleus and the rostral 
pole of the medial vestibular nucleus [25]. This suggests 
the heavy vestibular labeling found in previous retrograde 
tracing studies [26] was due to Horse-radish peroxidase 
(HRP) deposition in the abducens nucleus and not in the 
PRF, which, by contrast was shown to have only relatively 
sparse afferents from vestibular nuclei (Fig. 10.5) [27]. 
Large numbers of abducens-projecting neurons are also 
found in the ventral margin of the nucleus prepositus 
hypoglossi in the cat and the common margin of this 
nucleus and the medial vestibular nucleus in the monkey. 


[24] Biittner and Henn 
(1976); Graybiel (1977b). 


[25] Langer et al (1986). 


[26] Stanton and Greene 
(1981). 


[27] Shammah-Lagnado 
et al (1987). 




x2 


Figure 10.5. Distribution of retrogradely labeled neurons after Abbreviations: Ab, abducens nucleus; SC, superior colliculus; 
HRP injection in cat right abducens nucleus. The ellipsoid shape OMC, oculomotor complex; NPC, nucleus reticularis pontis cau- 
just to the left of MLF in sections E and D indicates the injection dalis; G, Genu of VII; Vb, vestibular nuclei; i, 1, m, and s, inferior, 
site. Each dot represents one retrogradely labeled neuron. The lateral, medial, and superior, respectively; NRS, nucleus reticu- 
numbers under the section letters indicate the number of histo- laris supragigantocellularis (a nongiant cell zone dorsal to the 
logical sections that were compressed into the illustrated section. FTG); Pph, prepositus hypoglossi. From Langer et al (1986). 
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The prepositus/medial vestibular complex and projection 
to oculomotor neurons may be the source of the “neural 
integrator”; these neurons show burst-tonic discharge pat¬ 
terns (see below). In the monkey, large numbers of neu¬ 
rons are present in contralateral medial rectus subdivision 
of the oculomotor complex, while in the cat large num¬ 
bers of retrogradely labeled neurons are seen in a small 
periaqueductal gray nucleus just dorsal to the caudal pole 
of the oculomotor complex. Both species have a few con¬ 
tralateral SC neurons projecting to the abducens. The 
monkey but not the cat has abducens-projecting neurons 
in the nucleus reticularis tegmenti pontis and in the 
ipsilateral riMLF and bilateral interstitial nucleus of Cajal. 


10.2.2.3. Superior Colliculus and Frontal Eye Field 
Projections to Reticular Formation 

The paramedian pontine reticular region involved in 
saccade generation receives important input from higher 
centers. The contralateral SC provides a monosynaptic exci¬ 
tatory input to medial pontobulbar reticular formation in 
both cat [28]. Recordings in alert monkeys indicate this 
short-latency input is to LLBNs and to omnipause neurons 
(OPNs) (see below) but not to SLBNs [29], The likely cellu¬ 
lar source of this SC input has been identified using intraax- 
onal labeling of squirrel monkey SC neurons whose saccadic 
parameters had been defined in the alert animal [30]. One 
type of tectal efferent neuron morphologically identified as 
the T group was found to send axonal projections to the con¬ 
tralateral predorsal bundle (Fig. 10.6A), whose targets 
include the pontine nuclei reticularis pontis oralis and cau- 
dalis [31]. Axonal collaterals also contact eye movement- 
related areas of MRF as well as other tectal neurons. These 
neurons discharge with intense bursts beginning about 
20 ms before spontaneous saccades within their movement 
field (see Fig. 10.6B) and hence were termed ‘Vectorial” 
bursters. This wiring is compatible with the notion of the SC 
as transforming retinal error signals into motor commands 
and transmitting them to preoculomotor structures. 

In addition to a frontal eye field to SC projection [32], 
there is a direct frontal eye field (prearcuate frontal 
cortex) to PPRF projection [33]. 


10.3. Omnipause Neurons 

Omnipause neurons (OPNs, Fig. 10.7) are character¬ 
ized by pauses that begin shortly before saccades in all 
directions (latency of 13-16 ms) and are thought to exert 


[28] Grantyn and Grantyn 
(1976). 

[29] Raybourn and Keller 
(1977). 


[30] Moschovakis et al 
(1988a, b). 


[31] Harting (1977). 


[32] Segravesand 
Goldberg (1987). 

[33] Leichnetz et al 
(1984). 





Figure 10.6. A: Camera lucida reconstruction of initial axonal system of a centrally located tectal long- 
lead burst neuron. Solid triangle in the reticular formation points to origin of the commissural (C) 
branch from one of the ascending fibers. X in circle indicates the point of descent to pons in the predor¬ 
sal bundle (PDB). B: Plot of the number of spikes in burst (Ay for the neuron shown above, as a function 
of amplitude of horizontal and vertical displacement of the eyes. Axis labels indicate number of degrees 
displacement. Modified from Moschovakis etal (1988b). 
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A 






Figure 10.7. Discharge patterns of OPNs during spontaneous (A, E) and visually elicited (B-D) saccades. 
In B-D, the onset of the target movement (T) is indicated by a dot and the downward arrows point to the 
visual response. In B, period 1 is the interval from the beginning of the pause to the beginning of the sac- 
cade, period 2 is from the end of the saccade to the end of the pause, and period 3 is from maximum 
velocity (upward arrow) to the end of the pause. Calibration is 25° and 500 ms. From Evinger et al (1982). 


a tonic inhibition on the SLBNs of the medial PRF 
[34], The arrest of the high frequency firing of OPNs 
(100-200 Hz) releases the SLBNs, whose activity, in turn, 
directly and indirectly excites the extraocular muscle 
motoneurons and leads to saccades. OPNs likely also 
project to riMLF [35]. 

In the monkey, the nucleus raphe interpositius (rip) 
has been identified as the anatomical locus of the OPNs 
[36]. The rip lies in the midline area at the same 
rostrocaudal level as the descending 6th nerve rootlets, 
that is, in caudal pons and including the most rostral 


[34] Raybourn and Keller 
(1977); Evinger et al 
(1982). 


[35] Buttner-Ennever 
(1977). 


[36] Buttner-Ennever et al 
(1988). 
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[37] Robinson (1975). 


[38] Cannon and 
Robinson (1987). 


portion of bulb. The rip is dorsal to the raphe pontis. 
Extracellular recordings were used to define units with 
omnipauser characteristics. As shown in Fig. 10.8, rip neu¬ 
rons in the monkey are arranged in a distinctive, narrow, 
orderly band on either side of the midline; these neurons 
have very large horizontally oriented dendritic trees that 
cross the midline. A similar morphology is found in the 
human, while in the cat and rat similar cell types are present 
but are not arranged in two distinct, bilateral groups. Rip 
is distinguished from raphe pontis by the presence in the 
latter nucleus of clustered neurons without large dendritic 
fields, and, in cytochrome oxidase stain, a darkly staining 
neuropile. Also, in contrast to raphe pontis, anterograde 
tritiated leucine studies indicate a direct projection from 
deep layers of SC, primarily crossed, to rip in contrast to no 
direct connectivity to raphe pontis and magnus. 


10.4. Tonic Neurons 

We have previously discussed the saccade-related 
burst neuron input to the oculomotor system motoneu¬ 
rons. These motoneurons not only have a “burst” coding a 
change in eye position but a steady, tonic firing that codes 
eye position during fixation. How is the input to motoneu¬ 
rons for the steady fixation generated? As illustrated in 
Fig. 10.9, it was proposed that the “burst” discharge of exci¬ 
tatory and IBNs (which codes eye velocity) is integrated 
over time (in the mathematical sense) by a set of neurons 
called “the neural integrator” and that this integrator 
serves all systems using conjugate eye movements, that is, 
the saccadic, vestibuloocular, optokinetic, and smooth 
pursuit systems [37]. 

A few units have been found in PRF that carried a 
pure position signal [10, 13], compatible with the output 
of a neural integrator. However, PRF lesions did not pro¬ 
duce neural integration deficits [4], suggesting the inte¬ 
grator might lie elsewhere. Kainic and ibotenic acid lesion 
experiments showed that the medial vestibular nucleus 
and nucleus prepositus hypoglossi are the locus of the 
neural integration of horizontal eye movements [38], 
Microinjections of these neurotoxins into the prepositus 
medial vestibular nucleus complex of the monkey pro¬ 
duced the characteristic stigmata of a “leaky integrator”: 
saccades were made with accuracy to targets but the 
fixation did not hold, and eye position drifted back to 
a null position with a exponential time constant whose rate 
of decay reflected the leakiness or damage to the integra¬ 
tor. The dynamism of this lesion is shown in Fig. 10.10, 
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Figure 10.9. The final common integrator hypothesis. All eye movement commands are initiated as eye- 
velocity encoded signals, E', which then enter the neural integrator to provide the eye-position encoded sig¬ 
nal, E', present on the motoneuron. The arrangement is schematic and is only intended to show that all 
eye-velocity signals are passed directly to the motoneurons along with the integrated eye-position signals and 
is not intended to represent neurons actually involved in this process. From Cannon and Robinson (1987). 
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Figure 10.10. Saccadic eye movements before and after 
ibotenate injection in prepositus hypoglossi. Horizontal eye 
position is on upper trace, vertical on lower. A: target-directed 
and spontaneous saecades recorded from a normal monkey. In 
the first half of the record the fixation target was alternated 
between right and left 20°. For the second half, spontaneous 
eye movements were recorded in total darkness. Notice that 
even in total darkness horizontal gaze holding is steady. The 
upward drift in darkness is a form of downbeat nystagmus 
found in may normal rhesus monkey. B-D: each panel shows 


spontaneous saecades recorded in total darkness from the 
same monkey as in A at various times after the injection of 
30 pg ibotenate in right (R) and left (L) prepositus hypoglossi. 
The records in D are two excerpts from a continuous record to 
demonstrate that eye position drifts cen tripe tally after both 
leftward and rightward saecades. The time constant of the hor¬ 
izontal drift decreases progressively from 2 to 0.6 to 0.2 s in 
B-D. A-D were recorded at the same time scale as indicated.R, 
L, U, D are right, left, up, and down. From Cannon and 
Robinson (1987). 


Figure 10.8. (a): The brainstem of a macaque monkey drawn 
from cresyl-violet-stained sections, cut in the stereotaxic plane, 
to show the location of the cell-group nucleus raphe interposi- 
tus (rip). The cells of rip are indicated by arrows and drawn 
diagrammatically. Consecutively numbered sections are 
240 pm apart, (b): Cytochrome-oxidase-stained section. Note 


the darkly stained cell bodies of rip around the midline, and 
their extensive horizontally oriented dendritic fields. 
Calibration = 1 mm. Abbreviations cs, nucleus centralis supe¬ 
rior; rp, nucleus raphe pontis; nrtp, nucleus reticularis 
tegmenti pontis; rm, nucleus raphe magnus. Modified from 
Biittner-Ennever et al (1988). 
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illustrating progressively more severe effects following 
injection in the alert monkey. As predicted for a common 
integrator system, the vestibuloocular reflex, optokinetic 
responses, and smooth pursuit were also affected. Inde¬ 
pendent data [39] indicate that electrolytic lesions of the 
prepositus hypoglossi in the cat also cause a complete loss 
of the neural integrator. 


10.5. Saccade Generation: Interaction of 
Neurons in the Circuit 

Figure 10.11 summarizes the known and postulated 
connectivity of the horizontal saccade generator [ 1 ]. During 
fixation OPNs fire at high rates, inhibit EBNs and IBNs, 
and prevent saccades. For saccade generation an excita¬ 
tory signal proportional to the desired saccade size is fed 
to the appropriate EBNs while at the same time an 
inhibitory trigger signal is given to the OPNs. Note that 
the excitatory signal to EBNs derives from input from SC 
that reflects the horizontal distance of the target from the 
current foveal position, and is fed through the LLBNs. 
EBNs are disinhibited when OPNs cease firing, respond to 
the excitatory input, and drive ipsilateral motoneurons to 
produce the burst component of their discharge. EBNs 
also excite IBNs which in turn inhibit the OPNs for the 
duration of the saccade. This feature means the saccade 
continues even if initiated by a transient trigger signal. 

Some comment on the postulated anatomical under¬ 
pinnings of portions of this sketch is useful. In one model 
[37], the EBNs project to tonic neurons, which both lesion 
data and recent electrophysiological recordings have sug¬ 
gested may be localized to the medial vestibular/preposi¬ 
tus complex. These tonic neurons might be part of a 
network that integrates the EBN signal to yield an eye posi¬ 
tion signal. The “trigger” input to OPN may come from 
SC, either directly and/or through a relay involving the 
LLBNs, and the frontal eye field is yet another possible 
input source. 

Both SC and the frontal eye fields could provide 
excitatory inputs into the burst generator since stimula¬ 
tion of either evokes short-latency saccades and both proj¬ 
ect to PRF. In particular, the saccade-related cells of deep 
and intermediate layers of SC which discharge only during 
saccades are particularly appealing sources since physio¬ 
logical data suggest they project to LLBNs, which in turn 
may project to EBNs. The frontal eye fields, which project 
directly to PRF, are also postulated to initiate saccades via 
projections to LLBNs. 


[39] Cheron et al 
(1986a, b). 
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Figure 10.11. The discharge patterns and connections of neurons in the horizontal burst generator. 
Left: Firing patterns for an on-direction (first vertical dashed line) and off-direction (second dashed 
line) horizontal saccade of size 8 to a target step (schematized in the eye and target traces below). Right: 
Excitatory connections are shown as open endings, inhibitory connections are shown as filled triangles, 
and axon collaterals of unknown destination (revealed by intracellular HRP injections or postulated in 
models) are shown without terminals. Connections known with certainty are represented by thick lines, 
uncertain connections by thin lines, and hypothesized connections by dashed lines. A description of 
the behavior of this neural circuit is found in the text. The abbreviations identify excitatory (EBN) 
and inhibitory (IBN) burst neurons, long-lead burst neurons (LLBN), trigger input neurons (TRIG), 
omnipause neurons (OPN), tonic neurons (TN), and motoneurons (MN). From Fuchs et al (1985). 


10.5.1. Role of Superior Colliculus in Saccades 

Cells in the intermediate layer of SC discharge before 
saccadic eye movements. As illustrated in Fig. 10.6, each 
cell has its own movement field, and discharges only 
before saccades with a particular range of directions and 
amplitude. Most SC neurons increase their discharge rate 
before saccades made under any condition (to visual tar¬ 
gets, spontaneously in the light or in the dark). Cells in the 
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intermediate layers of the SC are organized so that their 
movement fields form a topographic map, which is con¬ 
gruent with a visual map in the superficial layers. Electrical 
stimulation in the SC elicits saccadic eye movements in all 
mammals thus far studied, including monkey [40], cat 
[41], and rodent [42]. Microinjections of muscimol, a 
GABA agonist, into the monkey SC selectively suppress sac- 
cades to the movement field of the cells near the injection 
site [45]. There is a striking decrease in velocity of sac- 
cades to visual targets and markedly distorted trajectories 
of remembered saccades, findings consistent with the initi¬ 
ation of saccadic vectors by SC, and with an inhibitory role 
of GABA. By contrast, the GABA antagonist bicuculline 
caused “irrepressible saccades” initially specific to the 
movement field at the injection site. Subsequent injections 
of muscimol and bicuculline into the pars reticulata of 
substantia nigra (SNPR) showed that the GABAergic pro¬ 
jection was presumably via action on the GABA-receptive 
neurons of SNPR [44]. (Because GABA is inhibitory to 
SNPR and the SNPR-to-SC input is inhibitory, bicuculline 
in SNPR acts like muscimol in SC, whereas muscimol in 
SNPR acts like the bicuculline in SC.) It is to be noted that 
in similar SNPR injections in rats there is a circling behav¬ 
ior to the side contralateral to the injection, suggesting 
that the SNPR may control all orienting movements, which 
are more eye-oriented in the fovea-dominant monkey and 
more body-oriented in the rat. 


10*5.2. Saccade Trajectories: Mutable or 
Immutable? 

An early assumption was that the burst generator was 
controlled by a retinal error signal (position of the target 
relative to the fovea) and that the course of saccades was 
immutable once initiated. Newer data suggest that, in fact, 
there is internal feedback control in terms of eye position. 
Monkeys viewing a quick sequence of two targets whose 
presentation is terminated before any saccade onset make 
successive and accurate saccades to the first and then to 
the second target. This is true despite the fact that the 
“retinal error signal” at the time of presentation of the sec¬ 
ond target is not equivalent to the size and angle of the 
saccade that moved the fovea from target one to target 
two. (“Retinal error signal” is the difference between 
foveal position and either of the targets.) This conse¬ 
quently suggests current eye position is used in conjunc¬ 
tion with retinal error to generate saccades [45]. Target 
position in space (see definition below) rather than retinal 
error may be the driving signal for saccades. 


[40] Schiller and Stryker 
(1972). 

[41] Hyde and Eason 
(1959). 

[42] McHaffie and Stein 
(1982). 

[43] Hikosaka and Wurtz 
(1985a). 


[44] Hikosaka and Wurtz 
(1985b). 


[45] Mays and Sparks 
(1980). 
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In 1975, Robinson proposed an enormously influen¬ 
tial and useful model that incorporated the above findings 
and that has been of great impetus to research. He sug¬ 
gested that the EBNs are driven by a signal proportional 
to (target position in space) — (eye position) (see 
Fig. 10.12): 

TIS = target position in space = (neural representation 
of eye position, from integration of EBN output by 
tonic neurons) 4- (retinal error signal) 


MOTOR SYSTEMS 


A Eye Position Replica 




Figure 10.12. Models of the saccade generator. A. The Robinson model, in which a neural replica of eye 
position is added to retinal error to create target position in space, and later subtracted to generate 
motor error at the EBN membrane. The physical variables that exist as neural replicas in the model 
include (inset) target and eye position relative to the head, desired saccade size (DSS, the motor error 
that exists before the saccade begins), and dynamic motor error (DME, the motor error that exists while 
the saccade is in progress). The bias signal to the OPN produces its steady firing between saccades. B. The 
Scudder model. The model uses local (i.e., neural) feedback, but unlike the Robinson model, it matches 
change in target position (the output of the colliculus) with change in eye position (the output of the 
IBN). Topographical weighting of the colliculus projection is symbolized by the lines of different thick¬ 
ness. The unweighted and indirect inhibitory projection from the SC to the OPN is symbolized by the 
dotted lines of constant thickness. The LLBN is wired to integrate its two inputs as symbolized by the 
recurrent positive feedback with a gain of 1.0. The EBN projects to the IBN, as shown, and is also 
assumed to project to the tonic neurons and motoneurons (not shown) as in the Robinson model. 
Modified from Fuchs etal (1985) and Scudder (1988). 
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Since this signal is delayed by 0.2 s, the neural 
representation of the target position in space does not 
change in the course of a normal saccade. Also, the neural 
representation of eye position is subtracted by the EBN to 
produce a motor error signal in retinal coordinates. Note 
that the initial motor error for single saccades is exactly 
equal to retinal error. However, before the second saccade 
in the above double step paradigm the initial motor error 
will be: 

Dynamic motor error = (target position in 

space) — (current eye movement) 

Note also that as the eye approaches the target, the 
dynamic motor error declines, and reaches zero, thus lead¬ 
ing to a zero net drive on EBNs and silencing them, thus 
terminating the saccade. The control is not ballistic, since 
the feedback loop will correct for an unexpected perturba¬ 
tion and allow the eyes to reach the target. This feedback 
control is supported by experiments [46] showing that 
stimulation of the SC in the middle of a targeting saccade, 
thereby perturbing the system by altering eye position, led 
a subsequent new saccade that compensated for this per¬ 
turbation. Other groups [1] have also stimulated the 
OPNs during an ongoing saccade; the interrupted saccade 
accurately reached the target. 

Several modifications to the original Robinson model 
have now been proposed, and we present one of these to 
give a flavor of the kind of modifications being made [47]. It 
was suggested that a more realistic representation of SC 
influence in that the LLBNs receive a topographically 
weighted output (represented by lines of different strength) 
of the SC (SLBN do not receive direct superior colliculus 
input). The eye position (motor) error feedback in this 
model is on the LLBN and is via an inhibitory recurrent 
projection from an IBN, whose discharge pattern is essen¬ 
tially identical to that of an EBN. (It has also been proposed 
that the neural replica of eye position is sent to the SC, 
where it is compared with target position to generate motor 
error [48].) When the number of spikes added by the col¬ 
liculus equals the number of spikes subtracted by the IBN 
feedback (note that the LLBN is connected to perform as 
an integrator), there is a cessation of LLBN discharge, the 
EBN ceases firing and the saccade ends. In addition to the 
absence of any documented SC-to-SLBN input, the collicu¬ 
lus already encodes initial motor error (= desired saccade 
size) in the topographic distribution of its neurons. Another 
feature of the model [47] is that there is a nonspecific 
SC trigger output to OPNs, assisting in saccade initiation 
although the degree of OPN inhibition and hence its role in 
saccade initiation is less critical in this model. 


[46] Sparks and Mays 
(1983). 


[47] Scudder (1988, see 
Fig. 10.12B). 


[48] Keller (1980). 
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The effect of pontine reticular stimulation in the 
[49] Sparks et al (1987) . monkey on eye movements was studied [49] and the 

authors reasoned that if a copy of the motor command is 
used as a feedback signal of eye position, then failure to 
compensate for stimulation-induced movements would 
indicate that stimulation occurred at a site distal to (e.g., 
closer to the motoneurons) the point from which the eye 
position signal was derived. Thus, in the sketch in 
Fig. 10.11, stimulation would occur at a point nearer to the 
motoneurons than the takeoff point of the feedback sig¬ 
nals. It is known, for example, that animals do not com¬ 
pensate for direct stimulation of the trochlear nerve or of 
sites close to the abducens nucleus. Briefly, the results were 
that animals compensated for stimulation at about one- 
half of all pontine sites where SLBN have been reported. 
Only the compensation is predicted by Robinson’s model. 
(This of course assumes that the electrical stimulation is 
indeed a fair test of SLBN activation, since activation of 
fibers of passage with unknown effects would complicate 
the interpretation.) An unexpected finding was that pon¬ 
tine stimulation at times prematurely triggered impending 
visually directed saccades. The time course of this effect 
suggested that the build-up of input to saccadic generator 
circuits occurs over an epoch of some 100 ms. A further 
point of theoretical importance was that the “saccade trig¬ 
ger signal” was dissociated from the signal providing the 
metrics of the upcoming saccade. 

In concluding this portion of the chapter, it is again 
useful to emphasize the important role of formal model¬ 
ing in making explicit the assumptions of various hypothe¬ 
ses of neural control and processing. Although the pure 
empiricist may object to the “postulation” of more cir¬ 
cuitry than is known, and to the substitution of simplified 
schemes for the full complexity of neural circuitry and 
physiological actions, we suggest that the history of the 
development of knowledge about the oculomotor system 
provides one of the best “case examples” of the usefulness 
of models for the experimental neurophysiologist. 


10.6. Gaze Control 

The previous sections have discussed control of eye 
movement, considered independently of movements of the 
head directed toward visual targets. It is however apparent 
that control of gaze, defined as cooperative movements of 
both eye and head in targeting, is also an important topic, 
although one that has been less intensely investigated. 
Stimulation of caudal PRF led to ipsilateral head and eye 
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movements [50] and it was found that electrolytic lesions of 
this zone eliminated ipsiversive head movements as well as 
the ipsilateral quick phases of ocular nystagmus [51]. 
Because these lesions could have involved fibers of passage, 
more reliable information appears in more recent studies 
using intraaxonal recordings and HRP labeling. 

Intraaxonal recordings in the caudal pons of alert, 
head-restrained cats, revealed that, among the many axons 
sampled, a small group met the criteria of antidromic acti¬ 
vation from ipsilateral cervical spinal cord, monosynaptic 
activation from ipsilateral SC, and whose soma location 
could be determined [52]. The soma were in caudal pons 
rostral to abducens, and some neurons had a discharge 
pattern that led to their description as “eye-neck” reticu¬ 
lospinal neurons (EN-RSN). EN-RSN had discharge pat¬ 
terns correlated with ipsiversive eye movements, eccentric 
eye fixations, and the EMG profile of ipsilateral neck mus¬ 
cles in the course of the behaviors of spontaneous visual 
scanning or tracking objects presented in the visual field. 
These neurons were silent when the eyes were deviated 
contralaterally (beyond the vertical meridian) and the ipsi¬ 
lateral neck muscles were relaxed. However they became 
phasically active before saccades terminating close to the 
vertical meridian or further in the ipsilateral hemifield, 
with the onset and time course of activity correlating with 
ipsilateral neck EMG activation. Overall discharge rate was 
approximately proportional to the eccentricity of gaze 
shift in this “head-fixed” condition, although with pro¬ 
longed eccentric eye fixation discharge rate declined, thus 
suggesting a predominant role in phasic components of 
gaze. The functional inference is that, at eye positions in 
the ipsilateral hemifield, targets located still further (ipsi-) 
laterally in the visual field would demand a neck move¬ 
ment to bring the target on the fovea. The firing pattern of 
EN-RSN neurons was distinct from that of EBN (see previ¬ 
ous discussion) although the EN-RSN were located in the 
same caudal PRF region just rostral to abducens (pontine 
FTG region) as EBN. 

In two neurons intraaxonal HRP labeling was suffi¬ 
ciently complete to label the axon course as far as the 
medullary pyramidal decussation and also to label its 
extensive collaterals. Figure 10.13 shows the reconstruction 
of an intraaxonally stained neuron. Its axonal collateral dis¬ 
tribution pattern and a bouton density analysis indicated 
extensive projections to abducens, VII nucleus, prepositus 
hypoglossi, vestibular nucleus (especially medial), and 
bulbar reticular formation, especially the giant cell field. 
This neuron is of interest also in terms of reticular neu¬ 
ronal morphology. Its axonal pathway in the bulbar reticu¬ 
lar formation labels it as an iBRF neuron in the reticular 
neuronal axonal classification scheme derived from the 


[50] Bender etal (1964). 

[51] Sirkin etal. (1980). 


[52] Grantyn and Berthoz 
(1987); Grantyn et al 
(1987). 
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Figure 10.13. Parasagittal plane reconstruction of an intraaxonally HRP-stained eye-neck reticulospinal 
neuron (EN-RSN) in the cat. Physiologically this neuron was characterized by a monosynaptic response 
to contralateral superior colliculus (SC) stimulation and antidromic invasion from stimulating electrodes 
in C2. The axon courses 0.8-0.9 mm lateral to the midline and ventral to the MLF, while the soma is 
about 1.3 mm lateral to midline. Collateral projections are widespread but are clustered in particular tar¬ 
get zones rather than being diffusely distributed throughout the rhombencephalon. Symbols denote 
portions of collaterals restricted to the abducens (VI) or facial (VII) nuclei (filled triangles); to the 
prepositus hypoglossi (PH) and nucleus intercalatus Staderini (IC, open circles); and to the medial (Vm) 
vestibular nucleus (filled squares). Other abbreviations: R.p.c, nucleus reticularis pontis caudalis. GVII, 
genu of VII. R.Gc., R.v., R.pm, Nucleus reticularis gicantocellularis, ventralis, and paramedianis respec¬ 
tively. IC, nucleus intercalatus. Adapted from Grantyn et al (1987). 


[53] See Mitani et al 
(1988a, b). 


[54] This pattern was 
suggested by Scheibel and 
Scheibel (1958) as a 
predominant mode of 
brainstem reticular 
organization. 


larger sample study of descending PRF neurons described 
in Chapter 4 [53]. The reticular and nuclear projection 
zones of the EN-RSN neurons targeted those areas demon¬ 
strated to be involved in control of eye, ear, and axial move¬ 
ments, making the point that, while reticular formation 
neurons may have widespread projections, it is, at least in 
the case of these two neurons, misleading to call the projec¬ 
tions diffuse. It was of interest that some collaterals and 
their ramifications in reticular formation a “segmental” 
pattern of distribution, for example, projecting to a “poker- 
chip shaped” discoid area [54]; however, many collaterals 
in the adult cats did not have this pattern. 


10.7. State-Dependent Alterations in 
Oculomotor System Function 


10.7.1. Waking to Synchronized Sleep Transitions 

The characteristic waking eye movement pattern of 
fixation, alternating with high-velocity saccades, or of slow 
movements in response to visual or vestibular stimuli, is 
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transformed during the transition to sleep. As drowsiness 
occurs, saccadic velocity and number are reduced, and the 
transition to light slow-wave sleep is marked by an abrupt 
change to slow, drifting eye movements. In the transition to 
slow-wave sleep the discharge activity of brainstem oculomo¬ 
tor system neurons is also characteristically altered. OPNs 
suddenly become silent coincident with the loss of ability to 

maintain fixation [55, 56]; they just as suddenly resume [55] Raybourn and Keller 
their firing on a slow-wave sleep to waking transition (1977). 

(Fig. 10.14). It is of interest that multiunit recordings [56] Hermit (1984a). 

showed this omnipauser silence occurs throughout the 

population and that this “moment of sleep” change is 

completed in less than 10 ms [56]. However, although 

the degree and latency of responsivity to synaptic input 

is altered during sleep, omnipause units retain sufficient 

responsivity to discharge in response to SC stimulation [55]. 
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Figure 10.14. Pause neuron from the monkey pontine reticular formation (PRF). A. During alertness 
there is continuous regular discharge at about 180 Hz which is only interrupted prior to and during 
rapid eye movements. B. During a period of light sleep there is cessation of neuronal activity and 
concomitant irregular continuous eye movements. Legend is, from above: blips marking the occurrences 
of spikes, instantaneous firing rate, horizontal and vertical eye position, and EEG traces (either left 
right occipital or left parietooccipital). From Henn et al. (1984a). 



[57] Delgado-Garcia et al 
(1986 a, b). 


[58] Fuchs and Ron 
(1968). 


During slow-wave sleep, both medial rectus and vertical 
eye movement motoneurons show a decreased amount of 
tonic firing for a given eye position as compared to the 
waking state, the decrease reaching approximately 50% in 
the monkey for longer sleep episodes [56], with similar 
findings being present in the cat abducens and internu- 
clear motoneurons [57]. This suggests the coactivation of 
the extraocular muscles is strongly relaxed during slow- 
wave sleep. 

Short-lead burst neurons in slow-wave sleep show a 
marked decrease in the sharpness of “bursting,” that is, the 
occurrence of a high peak of firing frequency as the burst 
begins, and the duration of bursts tends to be prolonged 
[56]. This neuronal activity corresponds to the presence 
of slow, drifting eye movements during slow-wave sleep 
as contrasted with the rapid, saccadic eye movements of 
waking. About one half of short-lead bursters show tonic 
activity after waking-sleep transition, but this activity 
decreases as sleep becomes deeper. In general, the distinc¬ 
tion between short- and long-lead bursters blurs further as 
sleep is entered and both discharge types show increased 
burst-on latencies. Burst-tonic neurons and vectorial long- 
lead bursters, like SLBNs, show decreased peak frequency 
and increased burst duration. PRF tonic reticular units 
also became silent during drowsiness and light slow wave 
sleep, while PRF burst-tonic neurons remained active [55]. 
In contrast to the disruption in the oculomotor system, 
activity in vestibular-only neurons in the vestibular nuclei 
remains unchanged during head rotation in sleep [56]. 
These workers reasoned that the observed sharp drop of 
vestibulooculomotor reflex (VOR) gain in sleep might con¬ 
sequently be the result of oculomotor system changes 
(although, it may be noted parenthetically, vestibular-only 
neurons may not participate in VOR). The sharp wake to 
sleep change in the oculomotor system has been modeled 
as a nonequilibrium phase transition [14]. It should be 
appreciated that the results described here have, in gen¬ 
eral, been obtained during “light” or initial slow-wave sleep, 
and that the system has not been thoroughly explored in 
deep slow-wave sleep. 


10,7,2. Activity During REM Sleep 

The eye movements of REM sleep have been charac¬ 
terized in monkeys by use of the search coil technique 
and have been found to differ considerably from those in 
waking. The first report [58] found that most (60%) of 
“rapid” eye movements of REM sleep had velocities less 
than 50 degrees per second, whereas those with velocities 
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>200 degrees per second, the usual lower velocity cut-off 
for waking saccades, accounted for only 14% of eye move¬ 
ments in REM. These REM saccades usually had very short 
duration with very short intersaccade intervals (often 
100 ms), much shorter than seen in waking. In waking 
with and without targets, eye movement velocities clus¬ 
tered at two extremes: most movements were saccades with 
velocities between 250 and 1,000 degrees per second while 
smooth pursuit movements with velocities <50 degrees 
per second were less frequent. In REM sleep, about 30% 
of eye movements had velocities between 50-200 degrees 
per second, whereas such velocities were quite rare in 
waking. Furthermore, records of REM sleep saccades had 
a “round-shouldered” appearance, indicating the absence of 
high frequency components present in waking. 

Perhaps the most distinctive difference between wak¬ 
ing and REM eye movements was a “loop” pattern observ¬ 
able in REM-sleep eye movements displayed in an 
two-dimensional format on an oscilloscope (Fig. 10.15). 
These loops were composed of both saccadic and slower 
movements with a usual range of 3-11 movements/loop. 
Loops occupied almost 30% of the REM period, with each 
loop lasting an average of 2.5 s and loops occurring at a 
“remarkably constant” rate of about 7/min. Often the 
same starting point would be used for several loops, as 
seen in Fig. 10.15B. This loop pattern was in marked con¬ 
trast to eye movements in waking with and without targets 
present where loops were only very rarely present. Similar 
findings were reported using the search coil technique in 
the semichronic encephale isole cat, and described REM-sleep 



Figure 10.15. Two-dimensional displays of eye position during two short intervals within a REM sleep 
episode in the monkey. Each small square is 10° on a side. The primary direction of gaze lies at the center 
of the oscilloscope screen. The trace intensity provides a qualitative measure of eye velocity ranging from 
dark spots showing fixation points to thin traces indicating a very rapid movement. Note the presence of 
many loop patterns. From Fuchs and Ron (1968). 
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[59] Bon et al. (1980). 


[60] Weitzman (1961). 

[61] Roffwarg et al (1962). 

[62] Jeanne rod et al 
(1965). 


[63] Aserinsky et al 
(1985). 

[64] Herman et al 
(1983). 


[65] Pivik etal. (1976). 


eye movements as having “loop shaped trajectories” that 
frequently returned to the original position, a pattern also 
not seen in waking in this cat preparation [59]. Saccades 
in REM, as in waking, consist of conjugate eye movements, 
as contrasted with the disjunctive movements of slow-wave 
sleep. 

We note that many studies have characterized eye 
movements in REM using AC coupling of EOG signals; this 
technique is inferior to the search coil technique, as it is 
unable to establish the absolute position of the eyeball. 
The technical limitations of earlier studies may have led to 
the belief that REM eye movements resembled those of 
waking in the monkey [60], in the human [61], and in the 
cat [62]. This belief, in turn, suggested the plausibility of 
the “scanning” hypothesis, that the REM eye movements 
represented a “scanning” of the dream image. This 
hypothesis is obviously rendered implausible on the basis 
of the marked differences in animals between REM and 
waking eye movements described above. In addition, data 
from humans indicate the eye movements of REM are con¬ 
siderably slower than waking saccades of comparable 
amplitude (a finding compatible with the animal data) 
and that this slowing is greater than that attributable to 
either eye closure or eye movements in total darkness 
[63], thus disputing earlier findings [64]. 

It may be somewhat surprising to the reader that the 
neuronal activity underlying the distinctive eye movements 
of REM sleep has not yet been thoroughly described. 
Unfortunately, laboratories interested in precise charac¬ 
terization of waking eye movements and neuronal activity 
have not done unit recordings during REM sleep, while 
laboratories interested in REM-sleep neuronal activity 
have not employed the search coil or DC recording elec¬ 
trode techniques necessary for precise characterization of 
eye movement direction, velocity, and amplitude. Data 
using AC-coupled EOG electrodes showed eye movement- 
associated discharge of neurons extracellularly recorded 
in various regions of the PRF; since direction, velocity, and 
amplitude of eye movements could not be precisely speci¬ 
fied, essentially only discharge latency and intensity rela¬ 
tive to eye movement onset were available [65]. These data 
did suggest that among the units recorded were neurons 
that might be characterized as SLBNs and LLBNs and 
burst-tonic neurons in the oculomotor literature. These 
units discharged in association with waking eye move¬ 
ments but had markedly reduced discharge in slow-wave 
sleep; during the rapid eye movements of REM sleep, the 
eye movement-correlated firing again appeared, with both 
similarities and dissimilarities of discharge latency and 
intensity being present in waking and REM sleep. Many of 
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these units were recorded in the giant-cell field; more 
recent data make it unlikely that these were giant cells, but 
the short-lead burst patterns observed may have been 
derived from recordings from the nongiant neurons in 
this region that project to abducens [25, 53]. 


10.8. Mechanisms of the Muscle Atonia of 
REM Sleep: Motoneurons 

One of the most striking features of REM is the para¬ 
doxical presence of muscle atonia coupled with a high 
level of activity of central neurons, including those in 
motor systems. In fact, one of the synonyms for REM sleep, 
paradoxical sleep, was coined by Jouvet as an expression of 
this feature of REM. The next portion of the chapter will 
discuss cellular mechanisms for production of atonia. As 
with the oculomotor system, we will take an “outside in” 
approach and discuss REM mechanisms for inhibition of 
spinal and trigeminal motoneurons before taking up the 
central mechanisms. 


10.8.1. Inhibition and Diminished Excitability of 
Trigeminal Jaw-Closer Motoneurons 
During REM Sleep 

Chase and his colleagues [66], using intracellular 
recordings in naturally sleeping cats, first identified jaw- 
closer motoneurons in the trigeminal motor nucleus by 
their monosynaptic response to stimulation of mesen¬ 
cephalic V and further identified masseter motoneurons 
by antidromic activation following masseter nerve stimula¬ 
tion. They then tracked membrane potential (MP) and 
other motoneuron parameters over the sleep-wake cycle. 
The most dramatic changes in MP occurred on transition 
from slow-wave sleep to REM sleep where all neurons 
underwent a tonic hyperpolarization that lasted through¬ 
out REM, and was of a 2-10 mV magnitude (Fig. 10.16). 
Upon transition to waking, the MP invariably depolarized. 
The MP on transition from waking to slow-wave sleep 
showed either a slight hyperpolarization or remained the 
same. Spontaneous discharge activity diminished and 
usually ceased with the hyperpolarization of REM, with 
the occasional exception of discharges in association 
with the rapid eye movements or facial muscle twitches. 

It was concluded that active inhibition rather than 
disfacilitation was responsible for this REM-specific hyper¬ 
polarization [67]. In REM sleep, antidromic spikes were 


[66] Chase etal. (1980). 


[67] Chandler etal 
(1980). 
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either blocked or showed a decrease in spike-peak potential, 
with absolute amplitude also frequently reduced; in addi¬ 
tion there was a decrease in amplitude and increased rate 
of decay of monosynaptic excitatory postsynaptic poten¬ 
tials (EPSPs) from stimulation of the trigeminal mesen¬ 
cephalic nucleus, data all consistent with an increased 
conductance and hence increased inhibitory rather than 
decreased excitatory input. (The degree of spike peak 
potential reduction was not correlated with the degree of 
MP hyperpolarization that occurred in REM.) Since these 
effects were less pronounced than those obtainable with 
inferior alveolar nerve inhibitory input, an input thought 
to be on the soma, it was concluded that the REM inhibi¬ 
tion was likely mediated not only by synapses on the soma 
[68] Mariotti et ai (1986). but also on more distant sites, that is, on dendrites [68]. 

A final feature of the REM-associated changes was presy- 
naptic inhibition of jaw-closer la muscle afferents. This was 
inferred from a decrease in amplitude of the monosynap¬ 
tic la EPSP without the changes in rise or decay time that 
would have suggested membrane conductance changes 
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Figure 10.16. Intracellular recording from a trigeminal 
jaw-closer motoneurons: correlation of membrane potential 
(MP) and state changes. The MP hyperpolarized rather abruptly 
at 3.5 min in conjunction with the decrease in neck muscle tone 
and transition from quiet (slow-wave) sleep to active sleep 
(REM). At 12.5 min the membrane depolarized and the animal 
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awakened. After the animal passed into quiet sleep again, a 
brief, aborted episode of active sleep occurred at 25.5 min that 
was accompanied by a phasic period of hyperpolarization. A 
minute later the animal once again entered active sleep and the 
MP increased. EEG trace, marginal cortex, MP band pass on 
polygraphic record, DC to 0.1 Hz. From Chase etal (1980). 
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associated with postsynaptic inhibition. Subsequent 
pharmacological studies [69] using microinjection tech¬ 
niques have suggested that the REM sleep suppression of 
the masseteric jaw-closer reflex during active sleep is partly 
but not completely due to strychnine-sensitive postsynaptic 
inhibition, suggesting glycinergic mechanisms of inhibition. 


10.8.2. Spinal Alpha Motoneurons During the 
Sleep-Wake Cycle 

10.8.2.1. Changes in Membrane Potential of 
Alpha Lumbar Motoneurons During 
Waking and Sleep 

Antidromically identified lumbar motoneurons have 
been studied in naturally sleeping cats, using intracellular 
recording techniques [70]. The low-pass filtered record of 
MP during a sleep-wake cycle is shown in Fig. 10.17. Mean 
resting potential in waking was “65 mV, and there was 
a slight hyperpolarization from active waking to slow-wave 
sleep. During the passage from slow-wave sleep to REM 
sleep, there was a marked membrane hyperpolarization, 
averaging 6.7 mV with a range of 4-10 mV; this hyperpo¬ 
larization was temporally coincident with the loss of 
nuchal EMG activity. On transition to W, the level of polar¬ 
ization decreased. Similar findings have been observed by 
another team [71]. Overall these data establish the basis of 
one of the hallmarks of REM, muscle atonia, as a result of 
motoneuronal hyperpolarization, and confirmed hypothe¬ 
ses made in earlier extracellular and reflex studies by 
Pompeiano and coworkers [72]. 

Lines of experimentation similar to those described 
for jaw-closer motoneurons suggested the presence of a 
tonic increased membrane conductance in REM sleep and 
hence of increased inhibition, rather than disfacilitation as 
the basis of the REM hyperpolarization [70]. During REM 
sleep, there was an increased duration of the initial 
segment-somadendritic (IS-SD) delay, an increased 
rheobase not accounted for by hyperpolarization alone, 
and there was a directly measured decrease in input resist¬ 
ance from 1.8 to 1.0 Mfl in slow-wave sleep, as compared 
with REM sleep. (Input resistance was not measured with 
the MP returned to the same baseline in slow-wave sleep 
and REM, a manipulation more difficult to accomplish in 
the chronic preparation.) In addition to the tonic inhibi¬ 
tion just described, there were phasic episodes of 
enhanced postsynaptic inhibition of lumbar motoneurons 
coincident with the occurrence of phasic runs of rapid eye 
movements [73]. Thus, both phasic presynaptic inhibition 
and postsynaptic inhibition occur during REM sleep. 


[69] Soja etal (1987a). 


[70] Morales and Chase 
(1978, 1981). 


[71] Glenn and Dement 
(1981). 


[72] Pompeiano et al 
(1967). See also review in 
Chase and Morales (1985). 


[73] Chase and Morales 
(1983). 
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10.8.2.2. Hyperpolarizing PSPs in Alpha Lumbar 
Motoneurons During Waking and Sleep 

MOTOR SYSTEMS 

Subsequent work has examined in detail the 
spontaneous, discrete inhibitory postsynaptic potentials 
(IPSPs) impinging on lumbar motoneurons that were auto¬ 
matically detected and classified according to amplitude 
[74] Morales et at (1988). and parameters of rise and decay times [74]. Figure 10.18 
is a high gain intracellular record showing the presence of 
distinctive large amplitude PSPs during REM that are not 
present during waking and slow-wave sleep, and Fig. 10.19 
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Figure 10.17. Intracellular record from a lumbar motoneuron 
during sleep and wakefulness: correlation of membrane poten¬ 
tial (MP) and behavioral state. This figure highlights the mem¬ 
brane hyperpolarization which accompanies REM (active) 
sleep. Hyperpolarization commenced prior to the cessation of 
muscle tone, which was accompanied by a further and rather 
sharp increase in membrane polarization [(A), and shown 
oscilloscopically at higher gain and expanded time base in 
(A')]. At the termination of REM sleep, the membrane depo¬ 
larized coincident with the resumption of muscle tone and 
behavioral awakening (B, B'). Note the brief periods of 


depolarization during REM sleep and wakefulness, which were 
accompanied by phasic increases in muscle activity (i.e., mus¬ 
cular twitches during active sleep and leg movements during 
wakefulness). Spike potentials often occurred during these 
periods of depolarization but are not evident in this figure 
because the DC record was passed through a 0.1-cps high- 
frequency polygraphic filter. This motoneuron was recorded 
for 28 min; the traces shown were obtained 12 min after the 
cell was impaled. The first and second polygraph traces are 
those of EEG activity recorded from left and right frontal- 
parietal cortex, respectively. From Morales and Chase (1978). 



448 


CHAPTER 10 




Vw 


C 




Figure 10.18. High-gain intracellular recording of the membrane potential (MP) activity of a tibial 
motoneuron during wakefulness (A), slow-wave sleep (B = SWS), and active sleep (C = REM). Note the 
appearance de novo during REM sleep, of large amplitude and repetitively occurring inhibitory postsy- 
naptic potentials. Two representative potentials, which were aligned by their origins, are shown at higher 
gain and at an expanded time base (Cl, 2). These potentials were photographed from the screen of a 
digital oscilloscope. The analog-to-digital conversion rate was 40 |xs/bin. The MP level during these 
recording was during active sleep —67.0 mV; the antidromic action potential was 78.5 mV. From Morales 
etal (1988). 


shows that the REM potentials are distinct in that (1) they 
have larger amplitudes, and (2) they have a faster rise 
time/unit of IPSP amplitude. It was thus concluded that 
they arose from a distinct set of inhibitory neurons that 
became active during REM. Microiontophoretic application 
of strychnine (but not picrotoxin or bicuculline) onto 
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Figure 10.19. Definition of a population of REM-sleep IPSPs utilizing the relationship between the wave¬ 
form parameters of amplitude and rise time. The two ellipses in A illustrate the 90% confidence region 
of the data points corresponding to the potentials recorded during quiet sleep (QS) and active sleep 
(AS). Note that the ellipse corresponding to the AS episode is shifted to the right (i.e., to the region of 
potentials of larger amplitude) and that the major axis of the larger AS ellipse has a lesser slope than that 
of the QS ellipse (see text). The original data from which these ellipses were constructed are illustrated 
in the scattergrams B (QS) and C (AS). Also included in these plots are the regression lines for the cor¬ 
relations Bj and Cj (QS and AS, respectively). In both sets of data, there was a direct relationship between 
rise time and amplitude (data obtained during active sleep: r = 0.69, slope = 0.31, n = 294, p < 0.01; 
during quiet sleep: r = 0.63, slope = 1.09, n = 65, P< 0.01). The regression line in Bi is also depicted 
in C in order to illustrate that the large amplitude active-sleep IPSPs are all situated beneath this line. 
From Morales et at (1988). 





450 lumbar motoneurons is effective in abolishing the large 

amplitude spontaneous IPSPs of REM sleep, suggesting 
chapter 10 that glycine is the principal neurotransmitter mediating 

these potentials in lumbar motoneurons [75]. [75] Chase etal (1989). 


10.8.2.3. Excitatory Activity in Alpha Lumbar 

Motoneurons During Waking and Sleep 

Excitatory processes occurring during REM, prima¬ 
rily occurring at the same time as the runs of rapid eye 
movements, and different from waking have also been 
examined [73] (Fig. 10.20). In waking, action potentials 
usually occurred following a prolonged depolarization 


Wakefulness 




t l i 


Active sleep during REM's 



Depolarization 




jS mV 
’-75 mV 


Hyperpoiarization 


50 msec 


Wakefulness 


mull—— |somv 




|to mV 
-65 mV 


0.1 second 


Active sleep during REM's 


I ;j 


^ 120 mV 

0.2 second 







100 msec 


D' i 


-to -7o m v 


_ -70 mV 

1 second 




1 second 


_ -60 mV 
50 msec 


Figure 10.20. Patterns of spike generation during REM periods 
of active sleep. (A) During wakefulness, depolarization (bar in 
A') was the initial membrane potential (MP) event. (B) During 
REM periods, each depolarization shift was preceded by hyper- 
polarization (bar in B') (see also F and F'). Full-sized spikes 
developed in both examples; in B doublets, triplets, and 
quadruplets accompanied each depolarizing shift. The open 
bars indicate the period of the traces shown in C'-F. (C) Spike 


generation during wakefulness. (D) An irregular pattern of 
spike activity, (E) intermittent bursts, and (F) spike doublets 
during REM periods. An increase in hyperpolarizing sub¬ 
threshold synaptic activity during interspike intervals is pres¬ 
ent in D' and E'. (A) and (B) are records from a single tibial 
motoneuron and (C) through (E) from a single peroneal 
motoneuron; (F) is from another peroneal cell. From Chase 
and Morales (1983). 
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[76] Walton and Llinas 
(1986). 


[77] Soja et al (1988). 

[78] Chase et al (1986). 


[79] Soja et al (1987b). 


(Fig. 10.20A) whereas in REM the majority of action 
potentials were observed to occur following a hyperpolar¬ 
ization followed by a depolarizing potential on which 
rode a burst of 2-4 spikes, and with an absence of the spike 
after hyperpolarization typical of waking (Fig. 10.20B). 
This was interpreted as indicating simultaneous coactiva¬ 
tion of inhibitory and excitatory drives, a pattern not 
found in waking but distinctive to REM. Another possibil¬ 
ity, not considered in that 1983 paper [73], but raised by 
us, is the presence of a low-threshold Ca 2+ spike that was 
de-inactivated at the hyperpolarized MP of REM and was 
triggered either as a rebound following a hyperpolariza¬ 
tion or following a depolarization (see discussion in 
Chapter 5). A frequent concomitant of a long duration 
Ca 2+ spike is a burst of fast (Na + ) action potentials riding 
on it. It should be noted that not all REM spikes occurred 
with this particular pattern, and some appeared to arise 
from depolarizing potentials like those seen in waking 
(Fig. 10.20D-E); these spikes did not occur in as bursts. 
The possibility that Ca 2+ spikes may be present in these 
records is strengthened by a study [76] reporting Ca 2+ - 
dependent low-threshold rebound potentials in the in vitro 
lumbar motoneurons in the spinal cord preparation from 
neonatal rats, although it was not observed in mature 
motoneurons in this preparation. 

The non-NMDA excitatory amino acid may mediate 
some of the EPSPs of REM sleep. The phasic depolariza¬ 
tions of lumbar motoneurons occurring during the rapid 
eye movement portions of REM sleep are blocked by 
microiontophoretic application of kynurenic acid, a nons- 
elective EAA receptor blocker [77], but not by 5- 
aminophosphonovaleric acid (APV), a selective blocker of 
NMDA receptors [78]. In those experiments APV was 
applied in doses that were sufficient to antagonize the 
effects of microion top h ore tic ally applied NMDA. 

10.8.2.4. Sources of REM Sleep IPSPs and EPSPs 

As to the possible source of the hyperpolarization 
during REM, it was found that electrical stimulation of the 
bulbar FTG during REM produced prominent long- 
latency (28 ms to onset, 43 ms to peak) hyperpolarizing 
potentials in lumbar motoneurons during REM. That 
these potentials were IPSPs was indicated by their reversal 
by Cl - injection or by hyperpolarization, and by their 
being abolished upon the microiontophoretic application 
of strychnine [79]. These IPSPs were only intermittently 
present with the same stimulation parameters in waking 
and slow-wave sleep. It is of interest that short-latency 
(—5-10 ms) hyperpolarizing potentials did not vary with 
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state. Our view of these data would agree with the interpre¬ 
tation [78] that bulbar RF may be an important source of 
descending inhibition, and add that the long-latency, REM- 
state-specific hyperpolarizing potential may be due to 
recruitment of more reticular formation neurons by the 
stimulus in REM, an effect related to the REM-state- 
specific population depolarization of reticular neurons. 
There is a REM-sleep selective effect of stimulation of the 
PRF (nucleus reticularis pontis oralis) in producing hyper¬ 
polarizing potentials in lumbar motoneurons [80], an 
effect not seen in other states, and conceptualized by these 
workers as resulting from more recruitment of reticular 
neurons in REM by these stimuli. This interpretation is 
compatible with the data in Chapter 3 indicating dense 
excitatory pontobulbar connectivity. 

Finally, in view of the possible role of cholinergic neu¬ 
rons in REM phenomena (Chapter 11), it is of interest that 
microinjections of carbachol into the PRF of decerebrate 
cats produced postsynaptic inhibitory effects on lumbar 
motoneurons that were “remarkably similar” to those 
described above in the chronic cat during natural REM, 
including changes in input resistance, rheobase, and 
development of large discrete inhibitory PSPs [81]. That 
MP was hyperpolarized only 2.2 mV following carbachol vs 
6.7 in natural REM may have be due, at least in part, to the 
3 mV greater baseline hyperpolarization of neurons in the 
decerebrate cat vs the intact cat in slow-wave sleep. 


10.9. Central Mechanisms of REM-Sleep 
Muscle Atonia 

10.9.1. Lesion Data and REM Without Atonia 

The Lyon group reported that bilateral lesions of the 
pontine reticular region just ventral to the locus coeruleus 
(LC), termed by this group the LCa and peri-LCa, 
and its descending pathway to the bulbar reticular for¬ 
mation abolished the muscle atonia of REM sleep [82] 
(Fig. 10.21). (The projections of this region to BRF and 
whether they are to magno- or gigantocellular field are 
discussed in Chapter 3.) This group also reported that 
not only was the nuchal muscle atonia of REM suppressed, 
but that cats so lesioned exhibited “oneiric behavior,” 
including locomotion, attack behavior, and behavior with 
head raised and with horizontal and vertical movements 
“as if watching something.” 

The basic finding of REM without atonia with 
bilateral pontine tegmental lesions were confirmed but, in 


[80] Fung et at (1982). 


[81] Morales etal (1987). 


[82] Jouvet (1979); Sastre 
and Jouvet (1979). 
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Figure 10.21. Frontal section of the pons of the cat. The solid areas indicate the localization of the lesions 
which suppress postural atonia during REM. These lesions coincide with the locus coeruleus ol or its 
descending pathway. The horizontal hatching corresponds to lesions that do not suppress postural ato¬ 
nia. Pbl: n. parabrachialis lateralis; Ldt: n. lateralis tegmenti dorsalis; PbM: n. parabrachialis medialis; KF: 
n. Kolliker-Fuse; Poc: n. pontis caudalis; BP: brachium pontis; 5MT: motor nucleus of trigeminal nerve; 
5ST: sensory nucleus of trigeminal nerve; BC: brachium conjunctivum; 4V: forth ventricle. From Jouvet 
(1979). 


addition, it was found that lesions extending beyond the 
LCa region and its efferent pathway to bulb were neces¬ 
sary for more than a minimal release of muscle tone and to 

[83] Hendricks et at produce the elaborate “oneiric behaviors” [83]. These 

(1982). authors found particular lesion locations were associated 

with particular sets of behaviors: For example, attack 
behavior with lesions that extended into midbrain and 
interrupted amygdalar pathways, locomotion with lesions 
near the brainstem locomotor region, and orienting-like 
behavior with small, symmetrical dorsolateral pontine 
lesions (Fig. 10.22). Finally, the presence of attack and 
locomotion behaviors in REM without atonia was reported 
to be associated with an increased incidence of these 
behaviors in waking, leading to the interpretation that the 
lesions may have done more than simply counteract a 
behaviorally nonspecific muscle inhibition during REM: 
they may have released the particular behaviors appearing 
in both REM and waking. Chapter 13 discusses the rela¬ 
tionship of these “oneric behaviors” in animals to similar 
phenomena seen in cases of human pathology, and their 
relationship to dreaming. 

Quisqualate lesions of bulbar gigantocellular tegmental 
field (FTG) and FTM led to a marked decrease of the mus¬ 
cle atonia of REM sleep, and to the appearance of pad- 

[84] Holmes et al (1988). dling behavior during this state [84]. The percentages of 

time spent in REM and non-REM sleep and in waking were 
not greatly altered. These data further support a role of 
bulbar FTG/FTM in REM-sleep muscle atonia. 
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Figure 10.22. Lesions releasing minimal limb and neck movements, compared with the tegmentoreticu- 
lar tract. Top row: coronal sections at levels PI,2,3,4 from left to right. Left side: cells of origin and 
projection fibers of tegmentoreticular tract proposed by Sakai et al (1979) to mediate the atonia of REM. 
Right side: dashed lines outline components of the locus coreuleus complex in the terminology of Sakai 
et al (1979). Second and third rows: lesions which bilaterally damaged the origin of the tegmentoreticu- 
lar tract: the medial a locus coeruleus and medially adjacent reticular formation. Fourth row: lesion 
placed bilaterally in the projection of the tract as it descends medial to the motor nucleus of the trigemi¬ 
nal nerve. Abbreviations for all figures; LCa, locus coeruleus a; BC, brachium conjunctivum; 1C, inferior 
colliculus; LC, principal locus coeruleus; LSC, locus subcoeruleus; MV, motor nucleus of trigeminal 
nerve; SO, superior olive; VII, seventh nerve. From Hendricks et al (1982). 


10.9.2. Electrophysiological Data and 
REM-Muscle Atonia 

Near half extracellularly recorded units in peri-LCa 
region show a selective, tonic discharge during REM, and 
decreased firing rate during deep slow-wave sleep and no 

discharge activity during waking [85]. Of those REM-on [85] Sakai (1980,1985a, b, 
neurons, some were antidromically activated from the bul- 1986); Sakai et al (1981). 
bar magnocellular field. Some REM-on neurons have also 



[86] Kanamori et al 
(1980). 


been found within the magnocellular reticular formation 
[86] (Fig. 10.23). These neurons had discharge rates that 
were virtually zero in waking, even in the presence of sen¬ 
sory stimulation and voluntary movements, discharges 
remained near zero in early slow-wave sleep, and then in 
slow-wave sleep with PGO waves (5-20 s prior to REM) dis¬ 
charges increased to about 5/s, and further increased to 
approximately 30/s in REM, with intense acceleration of 
firing concomitant with runs of PGO waves and eye move¬ 
ments. Electrical stimulation of the peri-LCa resulted in 
synaptic excitation of some neurons with latencies of 2 and 
4.5 ms; in the data from one neuron that is included in a 


455 

MOTOR SYSTEMS 



Figure 10.23. A: Location of the magnocelluar (Me) REM- 
specific neurons. B: Effects of stimulation of the peri-LCa (B) on 
a Me REM-specific cell. Superimpositions of several synaptic 
responses and dotgrams of 17 successive sweeps (the first dot rep¬ 
resents the shock artifact) following stimulation of the peri-LCa. 
C: a summary of neuronal discharge rates of Me PS-specific cells 
during the sleep-waking cycle. D: an example of single unit dis¬ 
charges recorded in the Me during: W (1); SWS without PGO 


waves (2); SWS with PGO waves to REM (3); REM (4); and REM 
to W(5). Abbreviations: 7, facial nucleus; FLM, fasciculus longitu- 
dinalis medialis; Gc, n. reticularis gigantocellularis: IO, inferior 
olivary complex; lvs, direct lateral vestibulospinal tract; Me, n. 
reticularis magnocellularis; Pc, n. reticularis parvocellularis; RM, 
n. raphe magnus; RPA, n. raphe pallidus; rs, rubrospinal tract; 
VIN, inferior vestibular nucleus; VM, medial vestibular nucleus; 
S, nucleus of the solitary tract. From Kanamori et al (1980). 
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Fig. 10.23B, spike latency varies by 1 ms, indicating this 
response may not be monosynaptic. Some neurons had 
antidromic responses to stimulation of the ventral reticu¬ 
lospinal tract. It may also be noted that the magnocellular 
bulbar RF area recorded includes the classic medullary 
inhibitory zone [87]. 

These data were interpreted [85] as consistent with an 
hypothesis that nonmonoaminergic neurons of the peri- 
LCa (e.g., reticular neurons) become active just before 
and during REM, and, via tegmentoreticular tract projec¬ 
tions to the bulbar magnocellular field, excite neurons in 
this reticular zone which, in turn, via projections in the 
ventrolateral reticulospinal tract may cause the postsynap- 
tic inhibition of spinal motoneurons. (The data cite to sup¬ 
port a role of the lateral reticulospinal tract involvement in 
the postural atonia mechanisms of REM sleep derive from 
studies by Pompeiano [88].) 

Our own view of these data is, in general, consistent 
with the possibility of such an interpretation. However, we 
think it useful to emphasize the possibility of involvement 
of other portions of reticular formation. This is because, 
first of all, Sakai and coworkers [85] tend to call reticular 
zones “magnocellular” that others label “gigantocellular” 
(see Chapter 3), and thus much of the localization ques¬ 
tion may be purely terminological; another reason is that 
more sensitive HRP chromogens and even smaller injec¬ 
tion zones in cord have indicated the presence of bulbar 
FTG as well as FTM projections to the ventral portion of 
lateral funiculus (see Chapter 3 and [53]). Finally, other 
data [89] indicate that projections in the peri-LCa area are 
primarily to bulbar FTG. With respect to the electrophysi¬ 
ology, the evidence for monosynaptic projections from 
peri-LCa to FTM is not compelling. Also, other investiga¬ 
tors [90] have recorded similar cells in head-restrained 
cats in a small-cell bulbar reticular zone outside the FTM, 
perhaps in FTL. With extracellular recordings in head- 
restrained cats, neurons were recorded in bulbar nucleus 
gigantocellularis (FTG) [91], a part of the zone that stimu¬ 
lation experiments in acute cats had implicated in 
inhibitory projections to jaw-closer motoneurons [92]. 
Chase and coworkers describe these neurons have dis¬ 
charges that increased in a continuum from waking to 
slow-wave sleep to REM sleep [91] (Fig. 10.24). These dis¬ 
charge rates were in a reciprocal relationship with the 
magnitude of the state-related amplitude of the trigeminal 
monosynaptic reflex, which is suppressed in REM sleep. 
Supporting the hypothesis that these neurons may be 
responsible for the inhibition of trigeminal jaw-closer 
motoneurons was the fact that two of the ten cells had 
spike-triggered averaging data consistent with a monosy¬ 
naptic inhibitory input to the jaw-closer motoneuron pool. 


[87] Magoun and Rhines 
(1946). Tohyama et al 
(1979a-b) have provided 
data from retrograde label¬ 
ing of HRP placed in the 
ventral portion of the 
lateral funiculus that 
magnocellular neurons 
indeed project to this 
spinal zone. 


[88] Pompeiano (1976). 


[89] Rye etal (1988). 


[90] Netick etal (1977). 


[91 ] Chase et al (1984). 

[92] Nakamura et al 
(1975). 
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[93] Pompeiano (1985). 
This reference should also 
be consulted for a general 
review of brainstem pos¬ 
tural control mechanisms, 
a subject not reviewed in 
the present book. 


Finally, with respect to the peri-LCa neurons, it is 
somewhat difficult to base a comprehensive theory of 
REM-muscle atonia on this sample size, and we wonder if 
the paucity of neurons that have been found to show this 
discharge signature may not reflect the participation of 
other neurons in REM-sleep atonia. It seems entirely possi¬ 
ble and even plausible that the neurons active in the mus¬ 
cle atonia of REM might also be also active in the normal 
patterns of muscle inhibition of waking, as indeed sug¬ 
gested by the studies of Pompeiano [93]. In this case there 
might not be a pure “REM selective” pattern [91], but the 
population of neurons participating in REM atonia might 
have subsets of its members active in other states as a func¬ 
tion of various postural adjustment mechanisms. The dis¬ 
tinctive feature of REM atonia would then lie in the 
simultaneous involvement of the entire population of neu¬ 
rons providing muscle tone suppression, a concept akin to 
the notion discussed in Chapter 12 that the distinctive 
characteristic of REM in reticular formation is a population- 
specific activation and MP depolarization. In fact, intracel¬ 
lular recordings have demonstrated the presence in REM 
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Figure 10.24. Discharge pattern of an extracellularly recorded A and R, records were omitted for 2 min. FR—firing rate—the 
medullary reticular neurons during the transition from SWS number of spikes/sec. Binwidth 250 ms. From Chase et al. 
(QS) to REM (AS) (A) and from REM (AS) to W (B). Between (1984). 
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of an MP depolarization of bulbar reticular formation 

neurons [94] in the same area as the extracellular record- [94] Chase et al (1981). 
ings were performed [91]. 
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10.9*3, Role of Other Pontine Structures and 
the Pharmacology of REM-Sleep 
Muscle Atonia 

With respect to the localization of descending 
inhibitory pathways, it was found that electrical stimula¬ 
tion of a midline zone in the pons (from P3 to P7, and 
1-2 mm below the ventricular surface) produces a long 
lasting suppression of postural muscle tone in both decer¬ 
ebrate and awake freely moving cats [95]. That region was [95] Mori (1987). 
termed the dorsal tegmental field (DTF). It was believed 
that were fibers of passage were activated and anatomical 
studies suggested the most likely fiber pathway was that 
leading from the nucleus RPO (nongiant cell field) 
directly to the bulbar FTG, although the possibility of acti¬ 
vation of the tegmentoreticular tract was not excluded 

[96]. In a synaptic connectivity study, spike-triggered aver- [96] Ohta et al (1988). 
aging was used to study the relationship of extracellularly 
recorded discharge fluctuations of bulbar giant cell field 
neurons antidromically identified as projecting in LI 
spinal cord (in ventral or lateral funiculus) to the fluctua¬ 
tions in MP of intracellularly recorded extensor and flexor 
motoneurons at L5-S1 [97]. The bulbar neurons so stud- [97] Takakusaki etal. 
ied also were orthodromically activated by DTF stimula- (I988a,b). 
tion at mono- or disynaptic latencies and had antidromic 
conduction velocities of 90 m/s. The latency from the bul¬ 
bar neuronal spike to the motoneuronal IPSP was 5 ms 
(3.7-8 ms range), and the segmental delay, time from the 
arrival of the presynaptic axonal volley to the onset of the 
hyperpolarizing potential, was about 1.5 ms. Since mono¬ 
synaptic connections usually have synaptic delays in the 
range of about 0.4 ms, and disynaptic connections often 
have delays in the 1.5 ms time range, these workers postu¬ 
lated a disynaptic pathway with the inhibitory interneuron 
located in spinal cord. In addition, other parameters of 
the IPSP, such as time to peak, were not congruent with a 
monosynaptic projection. 

This group [97] also used carbachol (100 mM, 

0.1-0.25 |xl) microinjected into nucleus reticular pontis 
oralis (P2-P3, lateral 1-2), and found this zone produced 
a very short latency (less than 1 min) postural atonia with 
suppression of both flexors and extensors in acute decere¬ 
brate cats. (It may be noted parenthetically that carbachol 
injections in a similar dorsal pontine area [P1-P3; lateral 2] 
produce a short-latency [<5 min] induction of all REM 



[98] Yamamoto et al 
(1988). 


[99] Katayama et al 
(1984). 


[100] Siegel and Lai 
(1988). 


components in intact cats [98]). The NRPO carbachol 
injections also induced tonic firing in bulbar FTG neurons 
[97]. Electrical stimulation of the bulbar FTG evoked 
mixed PSPs in intracellularly recorded spinal a motoneu¬ 
rons that became predominantly hyperpolarizing upon 
carbachol microinjections. Atropine blocked this effect 
and noradrenaline and serotonin reduced the hyperpolar¬ 
izing PSPs, indicating the presence of a muscarinic cholin¬ 
ergic-adrenergic reciprocity in this system, a finding 
previously reported for postural atonia systems [93], 
Electrical stimulation of medial pons (FTP and FTG) had 
the same effect as bulbar FTG stimulation, further suggest¬ 
ing the presence of pontine to bulbar reticular projections 
carrying muscle suppression information. 

With respect to the pharmacology of muscle atonia, in 
addition to the above-cited elicitation of atonia [95, 96], it 
has been recognized that direct microinjection of cholin¬ 
ergic agonists into the dorsolateral PRF (approximating 
the peri-LCa zone) may, at times, produce muscle atonia 
without the other components of REM sleep [99]. Within 
the medial bulb, cholinergic microinjection in the caudal 
portion of the muscle suppression zone [87] produces ato¬ 
nia, while, in contrast, non-NMDA excitatory amino acid 
but not cholinergic agonists were effective in the more ros¬ 
tral portion [100]; these workers also reported that non- 
NMDA excitatory amino acids were effective in producing 
muscle atonia when injected into dorsolateral pons. 

Thus, evidence is accumulating that the muscle atonia 
of REM sleep may involve more than one anatomically and 
pharmacologically specific brainstem system. 
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Neuronal Control of REM Sleep 


11.1. Introduction and Overview 

The first chapter of this book has described the history of 
much of the early lesion and stimulation work, as well as the 
cardinal signs of sleep and the definition of behavioral 
state. Other chapters have described the neurophysiologi¬ 
cal and anatomical substrates of various components of 
EEG-synchronized sleep and REM sleep. These include the 
synchronized oscillations of non-REM sleep in Chapter 7, 
the REM sleep components of Ponto-Geniculo-Occipital 
(PGO) waves and tonic cortical activation in Chapter 9, 
and the muscle atonia and the rapid eye movements in 
Chapter 10. 

In this chapter, we focus on how these various compo¬ 
nents are orchestrated into the complex behavior of sleep. 
Chapter 7 has discussed how the characteristic compo¬ 
nents of EEG-synchronized sleep occur in the absence of 
activating and disrupting influences from the brainstem. 
Chapter 9 takes up the source of these influences in brain¬ 
stem reticular neurons and the brainstem cholinergic neu¬ 
rons in the pedunculopontine tegmental (PPT) and 
laterodorsal tegmental (LDT) nuclei, with data from extra¬ 
cellular recordings of antidromically identified, thalami- 
cally projecting brainstem neurons. Our present viewpoint 
of EEG-synchronized sleep mechanisms is essentially a pas¬ 
sive one; we suggest that synchronizing phenomena 
depend on the removal of influence from the brainstem 
and the wakefulness-active neurons in the basal forebrain 
(discussed in the next chapter). The sudden drop in both 
cholinergic and noncholinergic brainstem reticular input 
at sleep onset disfacilitates thalamocortical neurons while, 
at the same time, the reduction in cholinergic input facili¬ 
tates the genesis of spindle oscillations in the reticular thal¬ 
amic nucleus. Thus, the return of brainstem cholinergic 
and brainstem noncholinergic activating influences with 
REM sleep abolishes these synchronizing events. 
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In the next section (11.2), we address the question 
of the nature of neuronal population change in the reticu¬ 
lar formation during REM sleep that leads to the produc¬ 
tion of the various REM components. The brainstem 
reticular formation may be viewed as “the final common 
pathway,” as effector neurons for the brainstem compo¬ 
nents of REM sleep. Intracellular recordings suggest that a 
common feature of REM sleep in the brainstem is a REM 
sleep-specific tonic membrane depolarization that lasts 
throughout the state. Data from extracellular recordings 
show the timing of the gradual onset of this influence. 
Sleep-wake behavioral state control can be viewed as stem¬ 
ming from modulation of excitability in neuronal pools 
underlying the components of REM sleep. The final sec¬ 
tion (11.3), addresses the question of what might cause 
these modulations of excitability in neuronal pools. Since 
the first edition of this book, great progress has been made 
in understanding the influences on reticular formation neu¬ 
rons and their interactions with each other, although much 
remains to be learned. We will discuss in some detail the role 
of the neurotransmitters acetylcholine, serotonin, norepi¬ 
nephrine, and GABA in the orchestration of REM sleep. 1 


11.2. Brainstem Reticular Neuronal Activity 
over the REM Sleep Cycle 

This section will present the brainstem reticular neu¬ 
ronal activity characteristic of REM sleep. We begin with 
the reticular formation since, for the most part, these neu¬ 
rons can be viewed as the “effector” or “final common 
pathway” set of neurons for REM sleep. We will emphasize 
cellular electrophysiology as offering the most definitive 
data about REM characteristics, but will include auxiliary 
methods as appropriate. The reason for the field’s focus 
on the brainstem dates back to probably the most influen¬ 
tial of the many lesion experiments—the early transection 
studies in the cat by Jouvet [1]. When the neuraxis was cut 
at the midbrain level (Fig. 11.1), rostral to the pons, signs 
of the state of REM sleep were not present rostral to the cut 
(with the cut between brainstem and forebrain, the path¬ 
way for all brainstem-mediated REM cortical desynchro¬ 
nization was absent). However, the essential signs of REM 
sleep were preserved in the brainstem caudal to the cut, as 
shown by the major REM indicator variables available for 
analysis in this preparation. The “pontine cat,” as this 
preparation was called, showed periodically occurring 

1 This chapter draws upon material from a recent review by McCarley 
(2004) 


[1] Jouvet (1962). 
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Figure 11.1. Neuraxis transections in the cat by Jouvet (1962). Transections A through F left the essential 
signs of REM sleep present caudal to the plane of the section, but not rostral to it. Section G abolished 
the signs of REM sleep. Stippling indicates the zone where electrolytic lesions abolished REM sleep. 
Midline sagittal section; —10,0, +10 are HC coordinates; roman numerals indicate cranial nerve nuclei; 
red nucleus, nr; mammillary body, cm; interpeduncular nucleus, nip; and trapazoid body, ct. Adapted 
from Jouvet (1962). 


states characterized by (1) rapid eye movements, although 
they were reduced in number and complexity, (2) antigrav¬ 
ity muscle atonia, especially remarkable since they abol¬ 
ished the decerebrate rigidity otherwise present, and 
(3) spiky waves in the pontine tegmentum, the pontine 
component of PGO waves. The important implication of 
this study was that the structures caudal to the cut were 
necessary and sufficient for basic REM phenomena, 
including rhythmicity. (This is not to say that more rostral 
structures do not enter into elaboration of REM phenom¬ 
ena; the phenomena in the pontine cat are simpler than 
those in the intact animal.) However, the presence of the 
major indicators of REM sleep below this transection has 
led to a fairly general consensus that the mechanisms for 
REM production are localized in the lower brainstem, 
although, as will be discussed, more precise specification of 
localization and the neurotransmitter influences is still con¬ 
troversial (see, for example, later discussion in this chapter.) 
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11.2.1. The View from Extracellular Recordings 

The perspective one obtains from extracellular 
recordings is useful because this technique enables long¬ 
term recordings and is of historical importance for the 
development of concepts in the field, although the level of 
mechanistic insight into the nature of state-related alter¬ 
ations and mechanisms is necessarily less than with intra¬ 
cellular recordings. Extracellular unit recordings in the 
head-restrained cat done in the early 1970s showed that 
cells in the pontine reticular formation gigantocellular 
field (FTG), had REM sleep discharge rates considerably 
higher than those in EEG-synchronized sleep and waking 
[2]. An early formulation was that this area might be 
a REM sleep “center.” However, the work of Siegel and 
coworkers in cats and Vertes in rats showed that FTG neu¬ 
rons discharged in association with movements in waking 
in freely moving animals, and that if the animals per¬ 
formed the movement associated with a higher discharge 
rate throughout the recorded waking segment, then the 
discharge rate in waking approximated that of REM [3]. 
These studies indicated that a simple notion of the FTG as 
a “REM center” was not appropriate, at least in one classi¬ 
cal definition of a center: an anatomical locus of neurons 
associated with one behavioral or physiological function 
and no other (see discussion of the center concept in 
Chapter 1). In fact, in extracellular recordings, Siegel 
and Vertes did not observe any state-specific activity in 
any portion of the pontobulbar reticular formation; obvi¬ 
ously, these extracellular recordings could not monitor the 
REM state-specific population membrane depolarization 
observable in intracellular recordings and described next 
in this chapter. 

Extracellular recordings are particularly valuable 
because they enable long-duration recordings of brainstem 
activity, and hence a clear perspective of changes in activity 
profile over repeated sleep-waking cycles. Figure 11.2 
is such an extracellular multiple cycle recording that 
clearly shows the magnitude of state-related modulation of 
discharge activity and the periodicity of this remarkable 
modulation of activity. Extracellular recordings indicated 
that, within pontine reticular formation, the pattern of 
discharge varies from “phasic,” defined by runs of clus¬ 
tered discharges, to “tonic,” with relatively little moment- 
to-moment discharge variation [4]; as a general rule, 
neurons with the most pronounced REM sleep discharge 
rate increase tended to have phasic discharge patterns 
(clusters of discharges, but without the presence of 
low-threshold spike “bursts” as defined in Chapter 5) and 
to be localized in medial pontine reticular formation 


[2] McCarley and Hobson 
(1971); Hobson etal 
(1974a, b). 


[3] Siegel (1979); Siegel 
and Tomaszewski (1983a); 
Siegel etal (1983b); Vertes 
(1977,1982). 


[4] McCarley and Hobson 
(1975a). 




Figure 11.2. Extracellular recording of a pontine FTG neuron 
over many sleep-wake cycles in a head-restrained cat (Top 
Panel) and spectral analysis to show the periodicity. Each of 
the peaks of discharge activity corresponds to the occur¬ 
rence of a REM sleep episode; the use of head restraint ren¬ 
ders waking activity minimal and further emphasizes the 
obligatory nature of REM sleep discharge enhancement 
against the behavior-dependent changes of waking. Bottom 


Left Panel. Autocorrelogram analysis. Note periodic peaks 
at approximately 20 min intervals. Bottom Right Panel 
Spectral analysis: maximal power is concentrated at a fre¬ 
quency corresponding to a period of 20 min, the period of 
REM sleep in this animal. The presence of substantial power 
on the flank of the peak is attributable to the non-sinusoidal 
(nonlinear) components of the activity. Adapted from 
McCarley (1980a). 
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(mPRF, in the FTG), while those recorded more laterally 
were more tonic and had less change. (The neurons with 
discharge activity associated with muscle atonia and 
described in the preceding chapter were a conspicuous 
exception.) The neuron illustrated in Fig. 11.2 had 
a “phasic” discharge pattern. 

Later in this chapter, we will address the important 
question of what might cause the state-related changes in 
pontine reticular formation neurons, but we first look at 
lesion data bearing on the functional role of reticular sub¬ 
divisions in the production of REM sleep components. 
The reader will again be reminded of our suggestion that 
lesions are not the most suitable technique for resolving 
questions of function of small groups of neurons. We list 
here the following potential confounds (1) fibers of pas¬ 
sage (electrolytic lesions may destroy fibers as well as 
somata), (2) imprecise boundaries (all types of lesions are 
not controllable with respect to extent and the precise 
boundary of functional destruction/disturbance is not 
known), (3) ambiguity of interpretation even with com¬ 
plete lesions. The latter point is worthy of some elabora¬ 
tion. If a behavioral component vanishes, it is not known 
whether this implies (i) destruction of output pathways, 
(ii) nonspecific interference, for example, the animal may 
be rendered so ill that REM sleep will not occur, (iii) the 
area destroyed indeed normally mediates the behavioral 
component in question but other areas may be sufficient 
for its continued production, or (iv) the behavior, such as 
REM sleep, being investigated is so radically changed by 
the lesion that it is not clear whether or not it is present. 

We have earlier discussed the Jouvet transection 
experiments suggesting a pontobulbar location for most 
of REM sleep components [1]. Transections at the pon- 
tomedullary level show preservation of many REM sleep 
indicator variables rostral to the transection suggesting 
that medullary components are not essential for REM, and 
thus pointing to the primacy of pontine and pontomesen¬ 
cephalic components [5]. Early reports by Jouvet and 
coworkers pointed to abolishment of REM sleep by elec¬ 
trolytic pontine reticular (FTG) lesions [1]. Later, kainic 
acid lesions of pontine FTG by two sleep research groups 
were reported to have no effects on REM signs, including 
no effect on eye movements in waking or REM [6]—a find¬ 
ing in conflict with the lesion studies reported by the ocu¬ 
lomotor researchers in the preceding chapter. While it is 
difficult to reconcile these differences, absence of com¬ 
plete lesions of the medial pontine reticular zones impor¬ 
tant for eye movements (see Chapter 10, Fig. 10.2) may 
account for the differences; it is of interest that, while 
giant cells were reported as destroyed by the two sleep 


[5] Siegel etal (1984). 


[6] Sastre etal. (1981); 
Drucker-Colin and Pedraza 
(1983). 
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[7] Hobson and McCarley 
(1974). 


[8] McCarley and Hobson 
(1970). 

[9] ItoetaL (2002). 


research groups, we now know (Chapter 4) that these 
giant neurons are primarily reticulospinal neurons, and 
the smaller neurons critical for saccade generation may 
have been left unlesioned. This sparing appears likely 
from the histological photographs presented. Lesions of 
the zones that may be involved in muscle atonia have been 
discussed in the previous chapter. It is of note that much of 
the early lesion work was fraught with such controversies 
over precise localization; as a case example of the difficulty 
of resolution of lesion data, the reader is referred to the 
detailed discussion of the precise role of various vestibular 
nuclei in production of the PGO bursts of REM sleep fur¬ 
nished in an annotated bibliography [7], 


1 L2.2. The View from Intracellular Recordings 

Our viewpoint is that intracellular recordings provide 
a unique window on data relevant to the mechanisms 
of behavioral state control. In view of the transection 
evidence for the presence of the basic mechanisms of 
REM sleep in brainstem, recordings in this zone may be 
regarded as potentially the most informative with respect 
to mechanism. We introduce the topic of cellular phenom¬ 
ena of REM sleep in the brainstem by an illustration in 
Fig. 11.3 of a prototypical continuous intracellular record¬ 
ing in the cat of a mPRF neuron during state passages from 
W(Waking) to S(Synchronized sleep) to REM sleep, and 
back to W. The inkwriter traces serve to highlight the indi¬ 
cator variables defining the various behavioral states, and 
illustrate the temporal progression of phenomena. It can 
be seen that the lateral geniculate nucleus (LGN) PGO 
waves herald the occurrence of REM sleep, while the 
occurrence of atonia, EEG desynchronization, and rapid 
eye movements mark the REM period proper. The time 
period prior to REM with PGO waves but no other signs of 
REM has been termed the “transition period” between 
slow-wave sleep and REM and is abbreviated by T [8]. The 
data on the time course of membrane potential and occur¬ 
rence of action potentials over the sequence of states illus¬ 
trated in Fig. 11.3 described below are from Ito et at [9]. 


11.2.2.1. Synchronized Sleep 

During synchronized sleep, the membrane potential 
is polarized at about — 58 mV, and there is little postsynap- 
tic potential (PSP) activity. Little change in membrane 
polarization is present in quiet waking-to-synchronized 
sleep transitions. 
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Figure 11.3. Changes in the membrane potential (MP) of a medial pontine gigantocellular tegmental 
field neuron over a sleep-wake cycle. The five traces (from EMG through MP) in the top panel (A) are a 
set of inkwriter recordings defining behavioral states in relationship to the MP level. Note that the 
inkwriter sensitivity is not high enough to trace individual action potentials (MP trace). In the bottom 
panel (B), oscilloscope photographs detail changes in the frequency of action potentials together with 
the MP level. The first trace of the top panel is EMG from the deep nuchal muscles. The second trace is 
EEG from the frontal cortex. The third trace of LGN activity shows PGO waves, which consist of high- 
amplitude pre-REM waves in T, irregular, high-frequency waves during REM sleep, and rather high- 
amplitude waves near the end of REM steep. The fourth trace is EOG from the lateral rectus extra-ocular 
muscles. The fifth trace is the inkwriter MP record in which the many single spike-like deflections on the 
trace are prominent excitatory postsynaptic potentials (EPSPs) or compounds of EPSPs and action 
potentials. The MP records in the bottom panel (B) are eight photographs of the oscilloscope display of 
the tape-recorded MP. The labels indicate the corresponding segment on the inkwriter MP trace. See 
also detailed text description. Adapted from Ito et ai, 2002. 


1 1.2.2.2. Pre-REM Sleep Changes: The Transition 
Period to REM Sleep, T 

Even while the electrographic indicators are still 
those of synchronized sleep, the membrane potential of 
mPRF neurons begins to depolarize—a depolarization 
that progresses in the rather long, gradual approach to 
REM sleep. As the membrane potential depolarization 
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progresses and the electrographic indicators of the 
transition period appear (onset of PGO waves), there is 
increased frequency and amplitude of PSPs and the onset 
of action potential discharge. 

11.2.2.3. REM Sleep 

During REM sleep, the membrane potential is main¬ 
tained at a depolarized level, some 7-10 mV more depolar¬ 
ized than during quiet waking or early synchronized sleep. 
This state-long, “tonic” depolarization is accompanied by 
increased frequency and amplitude of PSPs and action 
potential discharge. In addition to tonic depolarization, 
there are short duration, “phasic” runs of increased PSPs 
and action potentials. 

11.2.2.4. Wakefulness: The REM Sleep-Wake 
Transition, and Motor Activity in 
Wakefulness 

In the REM sleep to waking state transition, there is 
a fairly abrupt membrane repolarization of 7-10 mV, with 
the baseline membrane potential returning to the levels of 
the previous waking and early synchronized sleep periods. 
There is a marked reduction of PSP activity in quiet waking 
compared to REM sleep. While the intracellular data dis¬ 
cussed here were obtained in animals whose heads were 
atraumatically restrained to facilitate the intracellular 
recordings, the animals remained free to make ocular or 
somatomotor movements. When a somatic motor move¬ 
ment occurred, there was often a transient membrane 
depolarization and action potential activity (see Fig. 11.3 
at the portion of the record marked Wm). After the end of 
the movement, the membrane potential returned to a 
polarized level and action potentials ceased. In waking 
periods without movement, there was no membrane depo¬ 
larization. Other mPRF neurons showed transient depolar¬ 
izations and action potentials in waking in association with 
ocular movements, but a tonic membrane depolarization 
that persisted throughout waking was not characteristic of 
mPRF neurons. 

To summarize: intracellular recordings in mPRF show 
a tonic depolarization in REM sleep that is not present 
either in EEG-synchronized sleep or waking. In waking, 
transient depolarizations may occur with ocular or somatic 
motor movements, but do not persist beyond the move¬ 
ment. Thus, REM sleep in the mPRF may be regarded 
as a state always characterized by a membrane potential 
depolarization, whereas in waking any depolarization is 
dependent on the presence of a particular behavior. 
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11.2.2.5. State-Dependent Alterations in 
Reticular Excitability 

Corresponding to these changes of membrane 
polarization level were alterations in excitability, as meas¬ 
ured by responses to electrical microstimulation from 
reticular sites in contralateral mPRF and in bulbar reticu¬ 
lar formation, BRF, (Fig. 11.4). Increased excitability was 
present in REM sleep as contrasted with EEG-synchro- 
nized sleep or waking, as measured by the effects of con¬ 
stant current stimulation on monosynaptic PSP amplitude, 
propensity to evoke action potentials, and percentage of 
stimuli leading to antidromic activation. Differences with 
REM sleep were most prominent in EEG-synchronized 
sleep (Fig. 11.4A) but were also present in waking 
(Fig 11.4B) and were pervasive in the mPRF neuronal pool. 

11.2.2.6* Summary of Behavioral State 
Alterations in the mPRF 

The intracellular analyses show that each behavioral 
state has distinctive characteristics in the mPRF neuronal 
pool. REM sleep is a state of heightened excitability and 
decreased membrane potential (e.g., depolarization) that 
is both extensive in the mPRF pool present in almost all 
(>90%) of the neurons sampled, and persistent through¬ 
out the REM sleep state. EEG-synchronized sleep is a state 
where mPRF neurons show lessened excitability, increased 
membrane polarization, and little spontaneous excitatory 
postsynaptic potential (EPSP) activity. Waking, in con¬ 
trast to REM sleep, does not have a temporally persistent 
heightened excitability and membrane depolarization 
throughout the pool. Rather, in waking, phasic membrane 
depolarizations appear to occur in a limited subset of 
the mPRF pool and in temporal association with the 
occurrence of specific behavioral events. 


11.2.3. Sleep-Wake Control as Resulting 
from Modulation of Excitability in 
Neuronal Pools 

11.2.3.1. The Concept 

The classic Sherringtonian concept of a neuronal pool 
with varying degrees of facilitation and suppression [10] is [10] Sherrington (1906). 
useful for dealing with behavioral state alterations observ¬ 
able in brainstem reticular formation. Data to be presented 
suggest that the most salient alterations in the course of 
behavioral state changes are the result of different levels of 
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Figure 11.4. State-dependent excitability changes in intracellularly recorded mPRF neurons in the cat. 
A. Intracellular recording from a medial pontine reticular formation (mPRF) neuron showing effects of 
70 pA stimulation in ipsiiateral giant cell field of bulbar reticular formation (BRF) at arrow. Upper traces 
are high-gain AC-coupled (cal: 4 mV) and lower traces are low-gain DC (cal: 20 mV), In S, BRF stimula¬ 
tion evoked excitatory postsynaptic potentials (EPSPs) with components at both monosynaptic and poly¬ 
synaptic latencies, but no action potentials. When the state of the animal changed to REM sleep 
(abbreviated as D for Desynchronized sleep), stimulation at the same intensity elicited action potentials 
from both EPSP components. In a series of neurons and trials, the probability of a monosynapdcally 
elicited action potential in S was 0.13 and in REM sleep was 0.9. B. Intracellular recording of an mPRF 
neuron with calibration as in A. BRF stimulation of 60 pA in waking (W, upper row) produced one 
antidromic action potential in four trials, but in REM sleep (D), three of four trials showed antidromic 
invasion. Note the monosynaptic EPSP that was present when no antidromic invasion occurred. Criteria 
for antidromic invasion were: microstimulation latency < 0.6 mS with <0.1 ms variability and no preced¬ 
ing PSP. The lower row shows that stimulation of 7 5 pA in the gigantocellular tegmental field (FTG) 
portion of the contralateral mPRF evoked monosynaptic EPSPs with a steeper rising phase in D than in 
W; mean peak EPSP amplitude was also slightly (0.7 mV) higher in D than in W. One spike potential 
was elicited in D but none in W. Note also that the membrane potential fluctuations due to spontaneous 
postsynaptic potentials were more prominent in D. Modified from Ito and McCarley (1984), 


NEURONAL 
CONTROL OF 
REM SLEEP 






472 

CHAPTER 11 


membrane polarization in different neuronal pools, 
which, in turn, lead to different levels of excitability and to 
different discharge pattern propensities due to the pres¬ 
ence of voltage-sensitive membrane currents, as discussed 
in detail in Chapter 5. We shall frequently use the short¬ 
hand term of “bias” as a way of indicating alterations of 
excitability in neuronal pools. Figure 11.5 schematizes 
this concept of behavioral state operation by alteration of 
“bias” on different neuronal pools important in produc¬ 
tion of REM components. While we here primarily discuss 
bias alterations from changes in membrane potential, 
there is the strong possibility that the state-induced bias of 
neuronal pools may also utilize other mechanisms, such as 
intracellular second messengers. Unfortunately, these 
other mechanisms have not been, as yet, thoroughly inves¬ 
tigated in the brainstem in relation to sleep-wake states. 
The basic argument is straightforward: increasing the 
excitability of neurons in a particular brain region or 
nucleus will increase the probability of behaviors or physi¬ 
ological functions controlled or mediated by that region. 
We, thus, see REM sleep as composed of relatively discrete 
“physiological modules,” REM sleep components, which 
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Figure 11.5. Schematic of REM sleep behavioral state control by alteration of bias (= excitability) within 
brainstem neuronal pools subserving each of the major components of the state. For example, the neu¬ 
ronal pool important for the rapid eye movements is suggested to be the brainstem saccade generating 
system whose main machinery is in paramedian pontine reticular formation (PRF) (Chapter 6). 
Although vertical saccades are fewer in REM, their presence suggests similar involvement of the mesen¬ 
cephalic reticular formation (MRF). Information under the other system components sketches the 
major features of the anatomy and projections of neuronal pools important for muscle atonia, EEG 
desynchronization, PGO waves, and other components of REM sleep. PH = Prepositus Hypogloss. 
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become active in concert because they share a common 
mechanism (s) of excitability modulation and which, in 
pathological states, are subject to inappropriate expres¬ 
sion, such as the muscle atonia seen in narcolepsy. 

11.2.3.2. Experimental Evidence for Modulation of 
Excitability in Neuronal Pools 

11.2.3.2.1. Brainstem Reticular Formation. Figure 11.6 
schematizes the sleep cycle membrane polarization levels 
in terms of relative levels for waking, EEG-synchronized 
sleep, and REM sleep for the three neuronal pools on 
which intracellular recordings are available. 

Pontine reticular formation. We have shown that, in 
mPRF neurons, membrane depolarization and increased 
excitability persist throughout the state [9]. Since, as dis¬ 
cussed in detail in Chapters 9 and 10, much of the neu¬ 
ronal generating machinery for the rapid eye movements 
and PGO waves events lies in this zone, the increased 
excitability will favor the occurrence of these events. In 
waking, the pattern of mPRF excitability alteration 
revealed by the intracellular recordings is also functionally 
reasonable in terms of the set of the behaviors occurring 
in waking. In this state, discrete activation of subsets of 
reticular neurons with a circumscribed time duration is 
associated with a heightened specificity of response to par¬ 
ticular inputs and of specificity of output (a higher signal- 
to-noise ratio). Were waking accompanied by the same 
state-long tonic increase in excitability and depolarization 
throughout the entire neuronal pool as found in REM 
sleep, behavioral responses would lose their specificity in 
the face of a diffuse excitation of all systems. 



Figure 11.6. Sleep-wake cycle membrane polarization levels. Values are schematized as either depolar¬ 
ized or hyperpolarized and are relative values for waking, synchronized sleep, and REM sleep within each 
pool. Values represent average tonic levels and do not schematize phasic alterations; they are drawn from 
the neuronal populations for which intracellular data are available. 
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Bulbar reticular formation neurons. Intracellular recordings 
of medial BRF neurons by Chase and collaborators indi¬ 
cate the presence of a REM-specific tonic membrane 
potential depolarization, with approximately the same 

level of membrane potential shift as mPRF neurons [11]. [11] Chase etal (1981). 

It is of note that the membrane depolarization in BRF 
neurons appeared to occur later than seen in many mPRF 
neurons; in BRF neurons, membrane depolarization 
occurred near the onset of muscle atonia, which, together 
with other data on the role of this region in atonia 
(Chapter 10), suggested that some of the recorded neu¬ 
rons may be effectors of the muscle atonia of REM sleep. 

State-related membrane potential changes lasted through¬ 
out the REM sleep state, thus supporting the thesis that 
REM sleep behavioral state changes are mediated by 
excitability alteration, and that membrane potential alter¬ 
ation is one important agent of this change throughout 
the pontobulbar reticular pool. 

11.2.3.2.2 . Peripheral Motoneurons. In both spinal alpha- 
motoneurons and trigeminal jaw closer motoneurons , there 
is a strong modulation of excitability during REM sleep 
by modulation of membrane potential. The membrane 
potential in these neurons is hyperpolarized during the 
state of REM sleep (see Fig. 11.6 and data from the studies 
of Chase and coworkers and of others cited in Chapter 9). 

The reduction in excitability in these motoneuronal pools 
is reflected in the muscle atonia of REM sleep. 

11.2.3.2.3. Sensory System Neurons . Only lateral genicu¬ 
late (LG) thalamocortical neurons have been recorded 
intracellularly during sleep-wake states, but these data also 
support the thesis of behavioral state control through 
excitability modulation, with membrane potential alter¬ 
ation being an important mechanism. As schematized in 
Fig. 11.6, during EEG-synchronized sleep, LG neurons are 
relatively hyperpolarized compared with REM sleep, and 
the REM sleep membrane depolarization is maintained 

throughout the state [12]. It is of interest that these LG [12] Hirsch (1983). 
neurons begin to depolarize coincident with the onset of 
PGO waves in the transition period from synchronized 
sleep to REM sleep, consistent with the notion that, during 
REM sleep, these neurons are targets of brainstem excita¬ 
tory input associated with PGO waves (see Chapter 9). It is 
also of functional interest that, unlike most brainstem 
reticular neurons, the LG relay neurons are depolarized 
throughout waking. This is, of course, functionally reason¬ 
able since they function throughout the state of waking to 
transmit and modulate information from retina. In contrast, 



pontine reticular formation neurons do not function 
as a homogeneous group during waking, and, thus, the 
absence of a tonic depolarization throughout waking is 
also functionally reasonable. 

In summary, we suggest that experimental evidence 
supports the concept of modulation of excitability as 
a key factor in behavioral state control, and that modula¬ 
tion of membrane potential is an important mechanism of 
excitability modulation. 


11.2.3.3. Summary of Orchestration of REM 
Sleep Components 

In this section we indicate the evidence for localizing 
generation of a particular component of REM to a particu¬ 
lar set of neurons; in most cases, the data have been pre¬ 
sented in detail elsewhere in the volume and this section 
and Fig. 11.6 will act as a summary. The order of presenta¬ 
tion follows the left-to-right ordering of REM components 
in Fig. 11.6. Although intracellular recordings and direct 
monitoring of membrane potential have not been done 
for all sets of neurons implicated in control of REM 
components, the state-long persistence of changes in each 
component is compatible with our hypothesis of mem¬ 
brane potential alteration as an important mechanism of 
behavioral state change. 

11.2.3.3.1. Rapid Eye Movements . Chapter 10 has dis¬ 
cussed the saccade generation system, most of which lies in 
mPRF structures. The REM sleep membrane depolariza¬ 
tion and increased excitability biases the system toward 
increased saccade production during REM sleep, espe¬ 
cially lateral sac cades. The presence of rapid eye move¬ 
ments in the REM-like states of the “pontine cat” indicates 
clearly that this component of REM sleep can be gener¬ 
ated exclusively within the brainstem, even without the 
forebrain input so important in waking control. 

11.2.3.3.2. Muscle Atonia. Chapter 10 has described the 
extracellular recordings of dorsolateral tegmental neu¬ 
rons projecting to BRF; their discharge activity is highly 
correlated with onset and offset of REM sleep muscle 
atonia. Chapter 10 also has described electrical and chem¬ 
ical stimulation evidence suggesting a possible midline 
component to the muscle atonia system, but there are nei¬ 
ther extra- nor intracellular recordings of neurons in this 
zone relating their activity to muscle atonia. The previous 
chapter has also described evidence for reticulotrigeminal 
input important in muscle atonia. 
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11.2.3.3.3. EEGDesynchronization. Chapter 9 has described 
data from Steriade and coworkers supporting a role for 
cholinergic neurons in PPT and noncholinergic neurons 
in mesencephalic and BRF in mediating this component of 
REM sleep [13]. 

11.2.3.3.4. PGO Waves. Chapter 9 has described intracel¬ 
lular data from McCarley and Ito indicating the presence 
of neurons in medial PRF and the tegmental reticular 
nucleus, which discharged with long lead times before PGO 
waves, and thus may serve to initiate the eye-movement- 
related PGO waves of REM sleep [14]. Anatomical data by 
Higo and coworkers suggest the possibility of involvement 
of the prepositus hypoglossi (PH) in the genesis of the 
pontine component of PGO waves [15], although REM 
sleep recordings have not yet been done in this zone. The 
PGO burst neurons in the PPT zone are described in 
Chapter 9 and likely form one component of the output 
pathway from brainstem to thalamus. They have been 
recorded extracellularly in sleep (see Section 9.1) but not 
intracellularly. 

11.2.3.3.3. Other Componen ts of REM Sleep 

Theta rhythm. Studies by Vertes using macropotential 
recordings, electrical stimulation, and lesion techniques 
have pointed to the pontine reticular formation at more 
lateral sites as important for production of the hippocam¬ 
pal theta rhythm of REM [16]. Unit recordings showed 
neurons whose onset and offset of activity was correlated 
with onset and offset of theta; it is of interest that this subset 
of neurons was tonically active in both REM sleep and wak¬ 
ing, suggesting a state-dependent activation of this pool 
that may be different from the set of medial pontine reticu¬ 
lar neurons discussed above. These neurons have not been 
recorded intracellularly. The most effective site within the 
reticular formation for the elicitation of hippocampal theta 
was found to be the rostral pontis oralis (RPO). As Vertes 
and Kocsis conclude, RPO may be the primary brainstem 
source for septohippocampal theta generation [17]. 

Phasic muscle twitches. One of the behavioral character¬ 
istics of REM sleep is the presence of muscle twitches, espe¬ 
cially of distal flexor muscles and, in cats, of the vibrissae 
and ears. These are present in the “pontine cat” and, thus, 
brainstem structures are necessary and sufficient for their 
occurrence. Cellular data bearing on their occurrence has 
been presented by Wyzinski et al. y who recorded extracellu¬ 
larly from mPRF neurons antidromically identified as 
projecting to ventral spinal cord [18]. These neurons 
showed high correlations of runs of action potentials with 


[13] Steriade etal (1982a, 
1984b, 1989). 


[14] McCarley and Ito 
(1983). 


[15] Higo etal. (1989b). 


[16] Vertes (1981,1982). 


[17] See reviews in Vertes 
and Kocsis (1997); Bland 
and Oddie (1998). 


[18] Wyzinski etal. (1978). 



[19] Lydic and Biebuyck 
(1988); Saunders and 
Sullivan (1994); Lugaresi 
and Parmeggiani (1997). 


[20] Orem (1988). 


[21] Harper et at (1987). 


[22] Harper etal (1988); 
Verrier (1988). 

[23] Parmeggiani (1985). 


[24] For pigs see Skinner 
et al (1975); for humans 
see Verrier (1988). 


the presence of muscle twitches, suggesting brainstem 
mediation of this component of REM sleep. 

Autonomic nervous system changes . The cardiovascular, 
the respiratory, and the thermoregulatory systems 
undergo profound alterations during slow-wave sleep and 
REM sleep. We shall not here review the extensive litera¬ 
ture because several books have discussed this aspect of 
sleep physiology in some detail [19]. We do think it useful, 
however, to give a brief overview vis-a-vis brainstem control 
mechanisms. With respect to respiration, extracellular 
recording studies in cats conditioned to arrest inspiration 
on signal have led to Orem’s thesis that the voluntary/ 
behavioral and the automatic/metabolic aspects of breath¬ 
ing are integrated at the brainstem level [20], and extra¬ 
cellular recordings indicate that some respiratory neurons 
have relatively “pure” respiration-related discharge activity 
while that of others is greatly influenced by behavioral 
state. Orem hypothesizes that non-REM sleep reflects a 
predominance of automatic/metabolic system control, 
while breathing during REM sleep represents a predomi¬ 
nance of voluntary/behavioral system control [20], An 
obvious possibility is that the state-modulated respiratory 
neurons may have input from areas greatly affected by 
behavioral state changes, while the others do not. 

State-related changes are similarly important in the 
cardiovascular system. In waking, there is a high degree of 
heart rate variability, which is transformed to a great regu¬ 
larity in EEG-synchronized sleep, except for a nearly sinu¬ 
soidal modulation from respiratory influences (sinus 
arrhythmia is accentuated in this state). REM sleep consis¬ 
tently shows much episodic variability of cardiac rate. 
These state-related respiratory and cardiovascular changes 
are sufficiently distinctive to allow machine classification 
of state [21]. As with the respiratory system, the locus of 
neurons accounting for the REM sleep variability has not 
yet been firmly identified although influences from the 
brainstem parabrachial region and from the forebrain, 
including central nucleus of the amygdala, have been 
postulated [22], Parmeggiani has described the vascular 
bed-specific changes in blood pressure during REM sleep 
[23]. Much of the recent interest in the cardiovascular 
field is driven by an effort to discover associations between 
clinical pathology and state; in pigs, synchronized sleep, 
but not REM sleep, is associated with arrhythmias in 
ischemic heart although such a clear-cut relationship 
between sleep stage and arrhythmias in humans is still 
uncertain [24]. 

Thermoregulation is profoundly affected during 
sleep, and extracellular recordings in hypothalamus 
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su gg es t a decrease in thermosensitivity in synchronized 
sleep and an absence of thermoregulation in REM sleep, 
at least in cats and kangaroo rats [25]. Parmeggiani has 
summarized the behavioral state-related changes as an 
absence of hypothalamic and telencephalic regulation 
in REM sleep, and a “rhombencephalic” dominance of 
thermoregulation in this state, as well as a rhomben¬ 
cephalic dominance of other physiological systems during 
this state [26]. 


11.2.3.4, Approach to Factors Producing Modulations 
of Excitability 

In the previous section, we presented the phenome¬ 
nology of membrane potential changes over the 
sleep-wake cycle. We suggested that the components of 
REM were elicited by an alteration of bias of the neuronal 
pool subserving each component. With the increased 
excitability associated with REM sleep, the neuronal 
machinery controlled by a particular neuronal pool would 
be set into motion, but we have not yet presented data rel¬ 
evant to how the membrane potential alterations of REM 
sleep are caused. In the current section on reticular forma¬ 
tion we discuss reticuloreticular excitatory connections as 
facilitating recruitment of reticular neurons. Succeeding 
sections then take up the major brainstem neuromodula¬ 
tors of REM sleep. 


11.2.3.5. Recruitment through Reticuloreticular 
Excitatory Connections 

Chapters 3 and 4 have extensively documented evi¬ 
dence for the presence of dense reticuloreticular excita¬ 
tory connectivity. It is immediately apparent that the onset 
of discharge activity within this pool as REM sleep is 
approached would lead to the recruitment of other mem¬ 
bers through the reticuloreticular excitatory connections, 
and that this excitatory connectivity would similarly con¬ 
tribute to the maintenance of REM sleep depolarization. 
Stated in systems terminology, the monosynaptic excita¬ 
tory connectivity in pontobulbar reticular formation may 
furnish the substrate for a self-augmenting positive feed¬ 
back process that will result in the progressive membrane 
depolarization in T, and will help maintain the depolariza¬ 
tion and excitability throughout the state of REM sleep. 
Indeed, the data show the time course of depolarization in 
reticular neurons prior to REM sleep onset is compatible 
with their playing this role in the process leading to initia¬ 
tion of this state. Figure 11.7 summarizes the extracellular 


[25] For cats see 
Parmeggiani et at (1987); 
for kangaroo rats see 
Glotzbach and Heller 
(1984). 


[26] Parmeggiani (1988). 
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Figure 11.7. Time course of REM sleep-related increase in discharge rate of brainstem reticular neurons 
extracellularly recorded over many sleep-wake cycles. Top panel shows the “REM recruitment” time 
onset of 5 FTG neurons and 2 FTC neurons (531 and 673) relative to the electrographically defined time 
of onset of REM sleep, 0 min on the abscissa. “Recruitment” is defined as a persistent, significant 
discharge rate increase over the synchronized sleep baseline period {p > .001). The data are displayed as 
a cumulative histogram with the increment for each transition period shown. Each point for each num¬ 
bered neuron represents the occurrence of one or more transition periods with the increment at this 
time. Thus, for example, the curve of unit 610 presents 12 transition period changes as 9 points because 
there were three pairs of identical recruitment times. Bottom Panel. Pooled cumulative histogram for 
the data of the top panel. Time ordinate is as top panel and abscissa is the percentage of the pool of 
7 neurons showing recruitment, with the time curve for each of the neurons showing the recruitment 
distribution of the top panel, and with the contribution of each of the neurons weighted equally. The 
dotted line is a plot of y = exp(kt), the exponential growth curve. Note the correspondence is quite close 
until 1 min after REM sleep onset, at which time the experimental data reach an asymptote, indicating all 
neurons have changed discharge rate. Modified from Hobson et al (1974a). 
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recording data on the time course of recruitment, and 
shows that these data are matched quite nicely by an expo¬ 
nential curve, indicating that mutual augmentation is a 
good model of recruitment within the population. 


11.2.3.5.1. Intracellular Evidence on Recruitment Within the 
Reticular Pool. In naturally sleeping cats, Ito et al. used 
intracellular recordings and neurobiotin labeling of 39 
medial pontine gigantocellular tegmental field (mPFTG) 
neurons to evaluate the process of recruitment from 
the standpoint of membrane potential depolarization 
and soma size [9] (see Fig. 11.8). Most of these neurons 
(80%) were antidromically activated by stimulation in the 
BRF and all had excitatory PSPs, often monosynaptic, in 
response to BRF stimulation. 

Most (82%) of the neurons had the onset of mem¬ 
brane depolarization prior to REM sleep onset, and there 
was a strong correlation between soma size and the time of 
onset of depolarization prior to REM sleep. Neurons with 
larger somata began the process of membrane depolariza¬ 
tion prior to REM sleep onset earlier than neurons with 
smaller somata (Pearson correlation coefficient = 0.86), 
and it was the neurons with smaller somata that depolarized 
at the beginning of or just after REM sleep onset. In con¬ 
trast to membrane depolarization, the pre-REM lead times 
for onset of sustained PSPs and action potentials showed 
this measure not to be dependent on somata size, but to be 
rather uniform, occurring just before the onset of REM 
sleep. Thus, in the reticular pool, larger neurons may take 
longer to depolarize to an MP level critical for generating 
sustained action potentials, while smaller neurons may 
require less time. The final step in recruitment of the 
mPFTG population to high, sustained levels of discharge 
may be a process of reticuloreticular feedback, whereas 
the initial phase of depolarization may largely result from 
mesopontine cholinergic input (see next section). 


11.3. Criteria for Neuromodulation 
in REM Sleep 

The next several sections will address neurotrans¬ 
mitters and neuromodulators of various cell groups thought 
to be important in REM sleep. What are the criteria for 
demonstration of this putative causal role? We suggest the 
following, with the direction of change depending on 
whether the postulated influence is promoting/suppressive. 



481 


In each case, the prediction with promotion is listed first 
and suppression second. 

1. Discharge profile criterion. Neurons utilizing the puta¬ 
tive modulating neurotransmitter should show a discharge 
profile consistent with causality, there should be an appro¬ 
priate increase/decrease in discharge rate prior to the 
putative controlled REM state or event. 


A 
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Figure 11.8. A. Correlation between electrographic signs and the membrane potential (MP) from an 
average size medial pontine gigantocellular tegmental field (mPFTG) neuron during a sleep cycle. 
There are two pre-REM sleep episodes; while the first episode (vertical arrow 1 on MP trace and dot 1 on 
the LGN trace) failed to advance to REM sleep, the second episode (vertical arrow 2 and dot 2) did lead 
to a full REM sleep episode, whose onset is marked by a horizontal arrow. B. Antidromic spike potentials 
from BRF stimulation in the same mPFTG neuron as 4A. Note monosynaptic excitatory postsynaptic 
potentials superimposed on the falling phase of the action potentials, indicated by arrows. The top trace 
is a high-gain, AC-coupled record (2 mV calibration) and the bottom trace is a low-gain DC record 
(10 mV calibration). C. Reconstruction drawing of this average size neuron. The arrows indicate its dor- 
socaudally coursing axon. Soma size, 3905 pm 2 ; D, dorsal; C, caudal; calibration, 100 p,m. Adapted from 
Ito et al., 2002. 
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2. Anatomical connectivity criterion. The putative modu¬ 
lating neurons should show connectivity with the controlled 
group. 

3. Neurotransmitter release criterion. Microdialysis or other 
measurements of release in the controlled population should 
reveal the predicted increase/decrease in the controlled state. 

4. Controller activity criterion 

a. Effect of abolishing activity. Pharmacological 
or lesion silencing of the putative controlling 
group will decrease/increase the controlled state. 

b. Stimulation Effects. Increasing activity in the 
putative controlling neural population through 
pharmacological or electrical stimulation will 
increase/decrease the controlled state or event. 

5. Pharmacological agonist criterion. Application of the 
agonists of the putative neurotransmitter to the controlled 
neurons will increase/decrease the controlled event or 
neuronal population. Because of possible spill-over to other 
receptors or nonphysiological effects of the pharmacologi¬ 
cal agent, this demonstration should not be regarded as 
definitive. 

6. Pharmacological antagonist criterion. Application of 
the antagonists of the putative neurotransmitter to the 
controlled neurons will decrease/increase the controlled 
event or neuronal population. Note that this is a stronger 
criterion than number 5. 

7. Molecular biological analogs of criteria 5 and 6. 
Application of antisense/RNAi directed at the putative 
receptor or ligand will block the effect of the putative neu¬ 
rotransmitter. Because of biological adaptation, we do not 
think constitutive knockouts of receptors or a ligand con¬ 
stitute firm proof of a relationship or absence of a relation¬ 
ship, but inducible, reversible genetic knockdowns are a 
very useful technology. 

Perhaps the most salient comment on these criteria is 
that purely pharmacological criteria are never sufficient, since 
one does not know whether the observed agonist/antago¬ 
nist effects are, or are not, seen in natural REM sleep, a 
fact that should be kept in mind as the reader assays the 
strength of the evidence presented for REM neuromodu¬ 
lators in the next sections. 


11.4. Cholinergic Influences on REM Sleep 

11.4.1. Cholinergic Induction of REM 
Sleep-Like Phenomena 


Chapter 4 presented anatomical evidence of cholin¬ 
ergic projections to mPRE from the LDT and PPT nuclei 



[27] Cordeau^a/. (1963); 
George et al (1964). 


[28] Baxter (1969); 
Kostowski (1971); Mitler 
and Dement (1974); 
Amatruda etal (1975); 
Velasco et al (1979); 
Silberman et al (1980); van 
Dongen (1980); Vivaldi 
etal. (1980); Hobson etal 

(1983b); Katayama et al 
(1984); Baghdoyan et al 
(1984a, b, 1987); 
Shiromani and McGinty 
(1986); Shiromani et al 
(1986). 

[29] Vivaldi et al (1980). 

[30] Datta etal { 1992). 

[31] Baghdoyan et al 
(1984b). 

[32] For carbachol Gnadt 
and Pegram (1986); 
Shiromani and Fishbein 
(1986); for microinjections 
see also Velazquez- 
Moctezuma et al (1989); 
Bourgin etal (1995); 
Okabe etal (1998). 


[33] Taguchi etal (1992). 


and Chapter 6 presented in vitro data indicating the strong 
excitatory response of over 60% of mPRF neurons to car¬ 
bachol, administered in micromolar concentrations. 
Thus, there is strong supporting evidence that acetyl¬ 
choline is a physiological neurotransmitter acting on 
mPRF neurons. (A final, but critical, piece of evidence is to 
show that stimulation of LDT/PPT produces PSPs with the 
same effects and that the PSPs are blocked by antagonists 
in the same low concentrations as described in Chapter 6.) 
Given this information, one might, thus, on an ad hoc 
basis, choose cholinergic agonists as reasonable agents to 
alter the excitability of reticular neuronal pools. 

In fact, the history of cholinergic injections into the 
brainstem began in the 1960s on a much more empirical 
basis. Cordeau et al and George et al reported the induc¬ 
tion of a REM-sleep-like state by these injections [27]. In 
the two decades that followed, numerous published stud¬ 
ies have reported the elicitation of some or all components 
of REM sleep by brainstem injections of cholinergic 
agonists, with most of these studies using the cat [28]. 

In certain application sites in the pontine reticular 
formation, cholinergic agonists produce a “full” REM- 
sleep-like syndrome, with the simultaneous presence of all 
major indicator variables (Fig. 11.9); these sites tend to be 
in the mPRF rostral to VI and in the dorsal one-half (see 
also discussion of localization of cholinergic agonist effects 
in the final section of Chapter 10). Carbachol application 
at other sites, such as near the peribrachial zone and, 
hence, near PPT may produce isolated PGO waves without 
other signs of REM sleep [29], Datta et al found that 
cholinergic stimulation of the PPT produced immediate 
and prolonged increases in PGO waves [30]. Chapter 10 
has discussed how the muscle atonia of REM sleep may be 
produced by application of cholinergic agonists to the dor¬ 
solateral pontine reticular formation. Applications of 
cholinergic agonists to mesencephalic or BRF have not, 
at least in the sites so far tested, produced the full REM- 
sleep-like syndrome [31]. 

Early studies in the rat also showed that carbachol was 
capable of producing a REM sleep syndrome, as did later 
ones using microinjections [32]; compared with cats, the 
magnitude of the REM sleep enhancement was less, about 
two-fold instead of four-fold, and the rat episodes were 
shorter, close to normal duration, and had a longer 
latency to onset. Interestingly, Taguchi et al found that 
carbachol-induced REM-sleep like episodes of atonia and 
respiratory depression in the decerebrate rat were of 
short latency and long duration, suggesting that, in part, 
descending forebrain influences might account for the dif¬ 
ferential response in the chronic rat [33]. It may be also 
that, in the smaller volume brainstem of the rat, diffusion 
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Figure 11.9. Electrographic signs of natural REM sleep (top panel) and a REM sleep-like state (bottom 
panel) in the same cat induced by diffusion from a cannula filled with 4 pg carbachol in 1 pi of saline. 
Note the similarity of the indicator variables of EMG atonia, cortical EEG (CX) desynchronization, PGO 
waves in the lateral geniculate body (LGB), hippocampal theta (HIP), and the EOG record of rapid eye 
movements. This full REM-like syndrome, shown in the bottom panel, is typical of carbachol application 
to anterodorsal pons. From Vivaldi et al (1980). 

of microinjected carbachol is more prone to activate 

ventral wakefulness-promoting sites than in the cat [34]. [34] See Kubin (2001). 

In urethane-anesthetized rats and cats, carbachol pro¬ 
duces partial REM signs, and Fenik et al have found that by 
careful titration of the depth of anaesthesia it was possible to 
produce a 2-3 min state with cortical desynchronization, 
hippocampal theta rhythm, and motoric suppression with 
small injections of carbachol [35]. 


[35] Fenik et al. (1999). 



11.4.2. Cholinergic LDT Stimulation Produces 
Scopolamine-Sensitive EPSPs in mPRF 
Neurons 

Imon et al used single pulse electrical stimulation of 
the LDT in urethane anaesthetized acute cats to deter¬ 
mine the synaptic effects on pontine reticular formation 
neurons, identified by antidromic activation from BRF and 
[36] Imon etal (1996). neurobiotin intracellular labeling [36]. This stimulation 
produced EPSPs in more than 95% of recorded neurons 
with a latency consistent with the conduction velocity of 
unmyelinated cholinergic fibers—2 m/s. Also consistent 
with cholinergic EPSPs was their abolition by intravenous 
administration of the muscarinic receptor antagonist, 
scopolamine (N — 40 neurons), by acute transverse cuts 
separating the LDT and the recorded neurons (N = 40), 
and by their reduction under barbiturate anaesthesia. 
These in vivo data thus support the anatomical and in vitro 
data indicating an excitatory, cholinergic LDT projection 
to pontine reticular formation. 
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11.4.3. Cholinergic Unit Activity During 
Sleep and Wakefulness 

Chapter 9 has presented extracellular data relevant to 
LDT/PPT projections to thalamus and forebrain and EEG 
desynchronization, and we here discuss data relevant to 
brainstem projections and REM sleep. Perhaps the most 
important fact is that some LDT/PPT neurons have 
markedly increased discharge activity during both states of 
EEG activation, wakefulness and REM sleep. We refer to 
these neurons as Wake/REM-on. Other LDT/PPT neu¬ 
rons show markedly increased discharge only in REM 
sleep. We refer to these neurons as REM-on. Previously 
presented data indicate a strong cholinergic influence in 
REM sleep: cholinergic agonists in pontine tegmentum 
produce a REM sleep-like state; cholinergic projections of 
LDT/PPT to pontine reticular formation (Chapter 4) that 
produce EPSPs, and in vitro data indicating cholinergic 
agonists produce depolarization and increased excitability 
in pontine reticular formation (Chapter 5). It seems obvi¬ 
ous that the REM-on neurons must be the ones mediating 
all the cholinergic REM-promoting effects save for EEG 
desynchronization. 

Data on the discharge activity of LDT/PPT REM-on 
neurons over the sleep cycle are not as extensive as for 
extra-cellular recordings of mPRF neurons (see Fig. 11.2). 
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Electrophysiological studies reveal that a subpopulation of 
LDT/PPT neurons preferentially discharges just before 
and during REM sleep (see EEG activation discussion 
above) [37]. The data from Thakkar et al are particularly 
useful since they were obtained from both LDT and PPT 
in freely moving cats and hence were able to use active 
wakefulness as a state measure and rule out any potential 
confounds from the absence of head and neck movements 
[38]. The El Mansari et al study did not restrict recordings 
to the PPT (although PPT was included) and the record¬ 
ings were biased toward those units antidromically identi¬ 
fied as projecting to thalamus [39]. The Thakkar et al 
data included both LDT (n=ll) and PPT (n = 23) 
neurons [40], These data, although limited in number, 
suggest that LDT neurons in general have some¬ 
what lower discharge rates than PPT neurons and tend 
to show more phasic modulation during REM than 
PPT neurons. Thakkar and colleagues (in submission) 
recorded 137 PPT neurons, of which 35% were REM-on, 
62% were Wake/REM-on while 3% were REM-off. 
Figure 11.10 illustrates the discharge profile of this group 
of REM-on and Wake/REM-on neurons. The REM-on neu¬ 
rons discharged preferentially during REM sleep and 
showed a statistically significant increase in discharge rate 
in the 50 sec prior to REM sleep compared with non-REM 
sleep, and with quiet and active wakefulness (move¬ 
ment). Note also the much higher discharge rate in 
REM+ (REM with eye movements) compared with REM— 
(no eye movements). This within REM selectivity suggests 
an important role in control of phasic events. The dis¬ 
charge profile of REM-on and REM/Wake-on neurons over 
the sleep cycle is further illustrated below in Section 11.5.3 
and Fig. 11.16. 

Identification of the recorded neurons in Thakkar 
et al as cholinergic is consistent with several criteria, 
although tentative [40]. First, histological reconstruction 
indicated that all cells were recorded in the anatomically 
defined cholinergic zones of LDT or PPT. Anatomi¬ 
cal studies indicate that in these regions, about 80% of 
the large neurons (>20 pm cell body diameter) are 
ChAT positive, indicative of their being cholinergic 
[41]. Second, the recording method used fine wires of 
32 pm and 64 pm diameter—a method that preferentially 
records larger cells (>20 pm). Finally, studies have argued 
that cells in the cholinergic LDT/PPT with long duration 
action potentials, or slow conduction velocity are likely 
to be cholinergic [42]. The majority of the neurons 
recorded had long duration action potentials. These data 
suggest, but do not prove, that the large majority of 
REM-on and Wake/REM-on described are cholinergic. 


[37] El Mansari et al 
(1989); Steriade et al 
(1990a); Kayama et al 
(1992); Thakkar et al 
(1998). 

[38] Thakkar et al (1998); 
for potential confounds see 
Siegel et al (1977); Steriade 
et al (1990a) and Kayama 
et al (1992) used head 
restraints. 

[39] El Mansari et al 
(1989). 

[40] Thakkar etal. (1998). 


[41] Steriade etal 
(1990a);Jones (1993). 


[42] For long duration 
action potentials see 
Steriade et al (1990a); for 
slow conduction velocity 
see El Mansari et al (1989). 





(V\i3S + uee|/\|) oas/96jei|os!a 


487 

NEURONAL 
CONTROL OF 
REM SLEEP 


488 

CHAPTER 11 


11.5. Monoaminergic Influences—REM-Off 
Neurons 

The neurons described in the previous section that 
increase discharge rate with the advent of REM have 
been termed “REM-on neurons.” In contrast, groups of 
other neurons radically decrease and may nearly arrest 
discharge activity with the approach and onset of REM; 
these are often termed “REM-off’ neurons. The typical 
discharge activity profile is for discharge rates to be high¬ 
est in waking, then decrease in synchronized sleep, with 
near cessation of discharge in REM sleep. REM-off neu¬ 
rons are distinctive both because they are in the minority in 
the brain and also because they are recorded in zones with 
neurons that use biogenic amines as neurotransmitters. 
The loci include a midline zone of the brainstem raphe 
nuclei, and a more lateral band-like zone in the rostral 
pons/midbrain junction that includes the nucleus locus 
coeruleus, a reticular zone, and the peribrachial zone, as 
illustrated in Fig. 11.11. 


11.5.1. Raphe Nuclei 

Neurons with a REM-off discharge profile were first 
described by Harper and McGinty in the dorsal raphe 
nucleus(DRN)—a finding confirmed by other workers [43]. 
Neurons with the same REM-off discharge pattern have 
been found in the other raphe nuclei, including nucleus 
linearis centralis, centralis superior, raphe magnus, and in 
raphe pallidus [44]. Identification of these extracellularly 
recorded neurons with serotonin-containing neurons was 
made on the basis of recording site location in the vicinity 
of histochemically identified serotonin neurons and the 
similarity of the extracellularly recorded slow, regular dis¬ 
charge pattern to that of histochemically identified sero¬ 
tonergic neurons (see Chapters 5 and 6). Nonserotonergic 


[43] McGinty and Harper 
(1976); for confirmation 
see Trulson and Jacobs 

(1979); Hobson et al 
(1983a); Lydic et al 
(1987a, b). 

[44] For nucleus linearis 
centralis see McCarley 
(1978) and Hobson et al 
(1983a); for centralis supe¬ 
rior see Rasmussen et al. 
(1984); for raphe magnus 
see Cespuglio et al (1981) 
and Fornal etal (1985); 
for raphe pallidus see 
Sakai etal (1983b). 


Figure 11.11. Top panel shows mean discharge rate by state of four groups of REM-off neurons extracel¬ 
lularly recorded in the cat in waking (W), synchronized sleep (S), and REM sleep (D), and the bottom 
panel shows their anatomical location on computerized reconstructions of sagittal plates from Berman 
(1968). Note the near uniformity of the discharge rate profile, W > S > D. A: The raphe group (bottom 
panel, circles) includes dorsal raphe, linearis centralis, and centralis superior. B: The locus coeruleus 
group (bottom panel, squares). C: The reticular group (bottom panel, upright triangles) D: The peri¬ 
brachial group (bottom panel, inverted triangles). Note that these three latter REM-off groups form a 
band-like zone across the anterodorsal tegmentum. This particular illustrated sample of REM-off neu¬ 
rons, adapted from Hobson et al (1983a), did not include neurons from the pontine and bulbar raphe 
nuclei. 
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neurons in the raphe system have been found to have 
different discharge pattern characteristics (Chapter 6). 
While this extracellular identification methodology does 
not approach the “gold standard” of intracellular record¬ 
ing and labeling, the circumstantial evidence that the 
raphe REM-off neurons are serotonergic appears strong. 


11.5.2. Locus Coeruleus 

The second major locus of REM-off neurons is the 
locus coeruleus, as described in cat, rat, and monkey [45]. 
The argument that these extracellularly recorded discharges 
are from norepinephrine-containing neurons parallels 
that for the putative serotonergic REM-off neurons. 
Extracellularly recorded neurons that are putatively nora¬ 
drenergic have the same slow, regular discharge pattern as 
identified in norepinephrine-containing neurons (see 
Chapter 5) and have the proper anatomical localization of 
recording sites, including recording sites in the compact 
locus coeruleus in the rat, where the norepinephrine- 
containing neurons are rather discretely localized. Thus, 
while the evidence that these REM-off neurons are 
norepinephrine-containing is indirect and circumstantial, 
it nonetheless appears quite strong. 

Finally, the remaining groups of REM-off neurons are 
principally localized to the anterior pontine tegmen¬ 
tum/midbrain junction either in the peribrachial zone, or 
in a more medial extension of it (Fig. 11.13), recording 
sites that correspond to the presence of aminergic neurons 
scattered through this zone (see Chapters 3 and 4). 
The “stray” REM-off neurons in other reticular locations 
also correspond to dispersed adrenergic neuronal groups, 
although adrenergic identification in this case is much 
less secure. At this point, we note that putatively dopamin¬ 
ergic neurons in substantia nigra and midbrain do not 
alter their discharge rate or pattern over the sleep-wake 
cycle [46], and, thus, are unlikely to play important roles 
in sleep-wake cycle control. 


11.5.3. Do REM-Off Neurons Play a 

Permissive, Disinhibitory Role in 
REM Sleep Genesis? 

11.5.3.1. Dorsal Raphe Discharge and REM Events: 
An Inverse Association 


[45] For cat see Hobson 
et al. (1973); Chu and 
Bloom (1974); Hobson 
et al (1975); for rat see 
Aston-Jones and Bloom 
(1981a, b); for monkey 
see Foote etal (1980). 


[46] Steinfels et al (1983). 


The intriguing reciprocity of the discharge time 
course of REM-off and REM-on neurons led to the initial 



[47] McCarley (1973); 
Hobson etal (1973); 
Hobson etal. (1975); 
McCarley and Hobson 
(1975b). 


[48] Simon et al (1973); 
for reserpine experiments 
see Brooks et al (1972). 

[49] McGinty and Harper 
(1976). 


[50] Lydic etal (1983). 


[51] Trulson and Jacobs 
(1979). 


hypothesis of interaction of these two groups, as originally 
proposed for the REM-off adrenergic neurons [47]. The 
strongest kind of evidence for this interaction would be 
demonstration of the proper anatomical connectivity and 
inhibitory actions of aminergic neurotransmitters upon 
REM effector neurons; while much is known about the 
connectivity that is, in general, consistent, we are just 
beginning to learn about cellular effects of aminergic 
transmitters in reticular formation and other sites of inter¬ 
est, as discussed in Chapter 6. In spite of the absence of 
these critical data, the phenomenological and behavioral 
data have been sufficiently strong so that diverse groups of 
investigators have proposed that the REM-off neurons, as a 
complete or partial set, act in a permissive, disinhibitory 
way on some or all of the components of REM sleep, and 
we will here summarize these postulates, as well as present¬ 
ing the phenomenology on which they are based. Many of 
these theories arose in the mid 1970s as increased techni¬ 
cal capability led to extracellular recordings of REM-off 
neurons. 


11.5.3.1.1. Raphe System REM~Off Neurons and PGO Waves. 
The possibility that the dorsal raphe serotonergic neurons 
act to suppress PGO waves was explicitly proposed by 
Simon et al on the basis of lesion data and the in vivo 
pharmacological experiments using reserpine, which 
depleted brainstem serotonin and simultaneously pro¬ 
duced nearly continuous PGO-like waves [48]. McGinty 
and Harper, in their study of extracellularly recorded 
dorsal raphe REM-off neurons, also noted the inverse 
relationship between PGO waves and dorsal raphe unit 
activity [49]. With respect to REM sleep onset, the 
decrease in discharge activity of presumptively serotoner¬ 
gic raphe neurons is remarkably consistent, as shown in 
Fig. 11.12. This time course of dorsal raphe unit activity 
(and other components of the sleep-wake cycle) can be 
averaged over multiple cycles—a procedure described in 
Fig. 11.13—so as to form a picture of the average time 
course. Using this technique, the time course of presump¬ 
tively serotonergic dorsal raphe neuronal activity over the 
sleep-wake cycle and its relationship to PGO waves has 
been described by Lydic et al. [50]. Figure 11.14, derived 
from this work, shows clearly the inverse relationship 
between PGO waves and dorsal raphe discharge. Note 
also the premonitory increase in dorsal raphe activity 
prior to the end of the REM sleep episode—a phenome¬ 
non also observed and commented upon by Trulson and 
Jacobs [51]. 
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Figure 11.12. Long-term extracellular recording of dorsal 
raphe discharge over multiple sleep-wake cycles in the cat. 
The four sets of discharge profiles, each from the same pre¬ 
sumptively serotonergic dorsal raphe neuron recorded on four 
separate days show action potentials/per second on the ordi¬ 
nate and time in minutes on the abscissa. Unit activity has been 
grouped into 1 min bins, with the open circles representing 
samples during wakefulness while the dark bars below the 


abscissa indicate the occurrence of REM sleep episodes. 
Note the consistence of the discharge profile, with highest 
rates in waking and lowest in REM sleep. The tendency of 
REM sleep to occur rhythmically is evident in these record¬ 
ings, a tendency that was accentuated by recording in ses¬ 
sions following REM deprivation by forced locomotor activity 
on a slowly moving treadmill. Modified from Lydic et ai 
(1987a). 
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Figure 11.13. Illustration of the method of time normalization used for averaging neuronal activity over 
muldple sleep-wake cycles, using dorsal raphe neuronal activity as an example. A. The continuous time 
course of discharge activity of a single dorsal raphe neuron recorded over a sleep-wake cycle of 20 min 
duration, with the beginning of the cycle (0 min) and the end of the cycle (20 min) defined by the end of 
REM sleep. The computer program for time normalization converts the real time bins into 10 time- 
normalized bins of part B. This example shows a 2 to 1 compression for transformation of 20 real time 
bins into 10 normalized bins, and the same procedure is followed for other real time sleep-wake cycle 
durations, e.g. a 24 min cycle would use a 2.4 to 1 compression, etc. In B, it will be seen that the 10 
normalized bins are read as a percentage of cycle completed and that the actual discharge rate has been 
converted into the percentage of total dorsal raphe spikes over the entire sleep-wake cycle that are 
included in each time normalized bin. The final step is simply averaging each cycle of time-normalized 
and of discharge activity-normalized data so as to produce histograms such as seen in Fig. 11.14. Modified 
from Lydic et al (1983). 
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On the basis of in vivo pharmacological experiments, 
Ruch-Monachon and coworkers hypothesized that sero¬ 
tonergic neurons inhibited PGO waves, and also included 
[52] Ruch-Monachon et al adrenergic neurons as playing a suppressive role [52]; 

OS' 76 )* they further suggested that cholinergic/cholinoceptive 

systems were actively responsible for PGO wave genera¬ 
tion. Experiments by Cespuglio and coworkers utilized 
local cooling of the dorsal raphe in the unanesthetized 
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Figure 11.14. Simultaneously recorded time course of a single presumptively serotonergic dorsal raphe 
neuron (DRN) and PGO waves averaged over 11 sleep-wake cycles. The time bins on the abscissa 
represent the percentage (10-100%) of the sleep cycle completed, with the cycle beginning and ending 
at the end of REM sleep, as described in Fig. 11.13. The histograms show the percent of activity in 
each bin relative to the total number of events; overall 10,021 DRN action potentials and 5,124 
PGO waves were recorded. Note the reciprocal time course between discharge activity and PGO waves. 
Note also that DRN activity is lowest in the portion of the cycle with the maximal probability of REM 
(80-90% of cycle completed) but that there is an increase in DRN activity prior to the electrographically 
defined end of REM sleep, suggesting a phase advance of DRN activity that may contribute to termi¬ 
nation of the REM sleep episode. Chapter 12 discusses this possibility in detail. Adapted from Lydic 
etai (1983). 



“semi-chronic cat” [53] (spinal cord transected at T2 and 
deafferented above T2). This preparation showed sponta¬ 
neous sleep cycles. Local cooling consistently produced 
PGO waves and full REM sleep in 35% of the trials. 
Cryocoagulations at the end of the experiment produced a 
state with cortical desynchronization and continuous PGO 
waves, much as in previous pure lesion experiments [54]. 

This postulate of monoaminergic inhibition of 
cholinergic neurons was originally regarded as extremely 
controversial. However, interest was quickened in the 
1990s by (1) documentation of serotonergic projections 
from the dorsal raphe to the mesopontine cholinergic 
neurons in the LDT and PPT nuclei that are implicated in 
the production of REM sleep [55]; (2) in vitro demonstra¬ 
tion of serotonergic inhibition of mesopontine choliner¬ 
gic neurons [56]; and (3) the report that microinjection of 
a serotonergic 5-HT1A agonist into the PPT inhibits REM 
sleep [57]. It was also demonstrated that the level of sero¬ 
tonin release in the cat DRN parallels the time course of 
presumptively serotonergic neuronal activity: waking 
(W) > slow-wave sleep (SWS) > REM sleep [58], suggest¬ 
ing that this would also be true at axonal release sites in 
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[58] Portas and McCarley 
(1994). 
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[61] Portas etal (1996). 
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[63] Sakai and Crochet 
(2001); Portas et al (1996). 


[64] Sakai and Crochet 
( 2001 ). 


the LDT/PPT, since serotonin levels at distant DRN pro¬ 
jection sites had the same behavioral state ordering of lev¬ 
els as those in the DRN: W > SWS > REM sleep [59]. 
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11.5.3.2. Suppressing Dorsal Raphe Activity 
Increases REM Sleep 

Since axon collaterals of DRN serotonergic neurons 
inhibit this same DRN population via somatodendritic 
5-HT1A receptors [60], it follows that the introduction of a 
selective 5-HT1A receptor agonist in the DRN via micro¬ 
dialysis perfusion should produce strong inhibition of 
serotonergic neural activity, which would be indicated by a 
reduction of 5-HT release in the DRN. Moreover, 
if the hypothesis of serotonergic inhibition of REM- 
promoting neurons were correct, the inhibition of DRN 
serotonergic activity should disinhibit REM-promoting 
neurons, producing an increase in REM sleep concomi¬ 
tant with the changes in DRN extracellular serotonin. 
Portas and collaborators tested the effects of microdialy¬ 
sis perfusion of 8-hydroxy-2-(di-w-propylamino)tetralin 
(8-OH-DPAT), a selective 5-HT1A receptor agonist, in 
freely moving cats [61]. In perfusions during W, DRN 
perfusion of 8-OH-DPAT decreased 5-HT levels by 50% 
compared with ACSF, presumptively through 5-HT1A 
autoreceptor-mediated inhibition of serotonergic neural 
activity. Concomitantly, as illustrated in Fig. 11.15, this 
8-OH-DPAT perfusion produced a short latency, three-fold 
increase in REM sleep, from 10 to 30% of the total 
recorded time (jf?<0.05), while waking was not signifi¬ 
cantly affected. In contrast, and suggesting DRN speci¬ 
ficity, 8-OH-DPAT delivery through a probe in the 
aqueduct did not increase REM sleep, but rather tended to 
increase waking and decrease SWS. 

These data in the cat were confirmed in the rat. 
Bjorvatn et al used micro dialysis to perfuse 8-OH-DPAT 
(10 mM) into the DRN of rats and found a four-fold 
increase in REM sleep compared to control perfusion with 
ACSF, while the other vigilance states were not significantly 
altered [62]. 

Sakai and Crochet failed to replicate the findings of 
Portas et al in the cat and Bjorvatn et al in the rat [63, 62]. 
Sakai and Crochet used microdialysis to perfuse 8-OH-DPAT 
(10, 50, 100, and 500 mM ) into the DRN of cats and found 
a dose-dependent increase in wakefulness and decrease in 
SWS, but there was no significant effect on the generation 
of REM sleep [64]. They suggested that the Portas et al 
data were flawed because the control period had “rela¬ 
tively high amounts of wakefulness and low amounts of 
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Microdialysis Delivery of 8-OH DPAT to Dorsal Raphe 



Time in Hours 

Figure 11,15. Time course of 5-HT levels (top portion of figure) and behavioral state (bottom portion of 
figure) during control DRN ACSF perfusion (interrupted horizontal line) and during DRN 8-OH-DPAT 
perfusion (solid horizontal line) in a typical experiment. Note that, prior to perfusion, waking DRN 5-HT 
levels (circles) are higher than those in slow-wave sleep (SWS) (squares) and REM sleep (stars). Each 
5-HT value is expressed as fmoles per 7.5 pi sample, and was obtained during an uninterrupted 5 min 
sequence of the behavioral state. Upon the onset of 10 pM 8-OH-DPAT perfusion (arrow) the 5-HT level 
dropped quickly to levels as low as those normally present in SWS or REM. Behaviorally, 8-OH-DPAT admin¬ 
istration markedly increased REM sleep (black bars in the hypnogram). Adapted from Portas etal, 1996. 


REM sleep,” and this allowed the comparison with REM 
sleep after 8-OH-DPAT to become statistically significant. 
However, as described above, Portas et al reported that the 
mean percentage time in REM sleep after 8-OH-DPAT was 
30% (18 min/hr)—a value considerably higher than Sakai 
and Crochet’s control values for any of their 7 control hr 
(p < 0.007, binomial test), and, overall, more than two¬ 
fold higher than their average control value of about 14%. 
It is difficult to be certain why Sakai and Crochet did not 
find this effect. However, Sakai and Crochet did not, 
unlike Portas et at ., monitor 5-HT release before and 
during 8-OH-DPAT to verify the that the expected pharma¬ 
cological effect of 8-OH-DPAT was occurring (reduction in 
5-HT release), and hence indicating adequate delivery to 
DRN. It is thus difficult to be certain that the expected 
delivery of 8-OH-DPAT to a sufficiently large number of 
neurons in DRN occurred (although effects on single 
neurons were monitored); possible causes of delivery 
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[67] Luebke et al (1992). 


problems include gliosis on the microdialysis membrane 
and/or localization problems. Portas et al reported find¬ 
ings similar to Sakai and Crochet of increased wakefulness 
and decreased SWS with 8-OH-DPAT delivery from probes 
not in the DRN [61, 64]. 


11.5.3.3. LDT/PPT REM-On Neurons are 
Inhibited by a 5-HT1A Agonist 

The data of Portas et al , however, did not directly 
demonstrate serotonergic inhibition of neurons in the 
cholinergic LDT/PPT [61]. Moreover, the presence of 
some neurons with REM-on and other neurons with 
Wake/REM-on activity in LDT/PPT was a puzzle in terms 
of the global changes in monoaminergic inhibition. 
McCarley et al postulated that while monoamines might 
inhibit REM-on cholinergic neurons, Wake/REM-on 
neurons might not be inhibited, thus explaining their con¬ 
tinued activity in waking [65]—since serotonergic activity 
is highest during wakefulness, the observed high discharge 
rate of Wake/REM-on neurons during wakefulness would 
not be consistent with a high level of serotonergic inhibi¬ 
tion from a high level of DRN activity. In vitro data were 
also consistent with a subset, not the entire population, of 
LDT/PPT cholinergic neurons inhibited by serotonin 
acting at 5-HT1A receptors [66]. Thakkar and collab¬ 
orators developed a novel methodology allowing both 
extracellular single cell recording and local perfusion of 
neuropharmacological agents via an adjacent micro¬ 
dialysis probe in freely behaving cats to test this hypothesis 
of differential serotonergic inhibition as an explanation of 
the different state-related discharge activity [40]. Dis¬ 
charge activity of REM-on neurons was almost completely 
suppressed by local microdialysis perfusion of the selec¬ 
tive 5-HT1A agonist 8-OH-DPAT, while this agonist had 
minimal or no effect on the Wake/REM-on neurons 
(Fig. 11.16). 

The finding that only a subpopulation of the recorded 
LDT/PPT cells were inhibited by 8-OH-DPAT is consistent 
with rat pontine slice data, where, in combined intracellu¬ 
lar recording and labeling to confirm the recorded cell’s 
cholinergic identity, 64% of the cholinergic neurons in the 
LDT/PPT were inhibited by serotonin [67]. However, it 
is obviously not possible to determine if the cells recorded 
in vitro are REM-on, or Wake/REM-on, since there are no 
purely electrophysiological criteria sufficient to identify 
the cell’s state-related characteristics. The different per¬ 
centages of LDT/PPT neurons that are inhibited by 
serotonin or serotonin agonists in vitro (64%) compared 
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Behavioral State 

Figure 11.16. Left panel. REM-on units (N - 9):Grand mean (+SEM) of discharge rate in each behav¬ 
ioral state before (open circle, ACSF) and after (closed circle) 10 |xM 8-OH-DPAT was added to the 
perfusate. Note suppression of activity (highly statistically significant). Abbreviations are defined in text. 
Right panel, Wake/REM-on units (IV = 25): Grand mean (+SEM) of discharge rate of before (open 
circle, ACSF) and after (closed circle) 10 jjlM 8-OH-DPAT was added to the perfusate. Note minimal 
effect of 8-OH-DPAT on Wake/REM-on neurons, not statistically significant. Adapted from Thakkar 
et al, 1998. 


with our in vivo findings (36.4%) may be due to anatomi¬ 
cal differences between species (rat vs cat) and/or differ¬ 
ent concentrations of agents at the receptors. Luebke et al 
did not do a concentration-response study and their bath- 
applied serotonin agonists may have had a higher concen¬ 
tration at receptor sites than in the Thakkar et al study 
[67]. Further research will be needed to determine 
whether differential serotonergic inhibition in LDT/PPT 
results from differing serotonergic innervation and/or 
different receptor distribution or sensitivity on different 
neurons. Anatomical studies in the cat of the percentage 
of meso-pontine cholinergic neurons with 5-HT1A recep¬ 
tors are needed, as has been done in rat forebrain [68]. It 
should be noted that serotonin inhibition of rat mesopon- 
tine neurons in vitro has been confirmed, and that an addi¬ 
tional suppression of dendritic calcium influx has been 
reported [69]. 


[68] Kia etal (1996). 


[69] For confirmation see 
Leonard and Llinas (1994); 
for reporting see Leonard 
etal (2000). 


11.5.3.4. Locus Coeruleus Lesions and Cooling 
Increase REM Sleep 

Lesion studies furnish an unclear picture of the role 
of the LC in REM sleep. Bilateral electrolytic lesions 
of LC in cat by Jones et al led these workers to conclude 

the LC was not necessary for REM sleep [70]. In the [70] Jones etal (1977). 
REM sleep-like state following the lesion, there was a 
two-fold reduction of PGO spikes while the number in deep 





[71] Caballeros and 
De Andres (1986). 


[72] Cespuglio et al. 
(1982). 


synchronized sleep increased approximately three-fold, so 
that the total number of spikes remained approximately 
the same—a picture much like that following acute raphe 
lesions. Over time, the total number of PGO spikes 
declined and the percentage of a REM sleep-like state 
increased from about 5 to 10%, vs a control value of 15%. 
We use the term “REM sleep-like” because muscle atonia 
was abolished and there was, in fact, motor activity like that 
described in the previous chapter for the “REM sleep with¬ 
out atonia” state following tegmental lesions; this syn¬ 
drome likely resulted from spread of the lesion to the 
reticular area subserving atonia. Other lesion effects 
included loss of spontaneous micturition and defecation, a 
rise in mean temperature from 37.1 to 38.3°C, and loss of 
grooming, coordination and balance. 

The picture following unilateral LC lesions was quite 
strikingly different. Caballeros and De Andres found a 
50% increase in the percentage of REM sleep ( p < 0.001) 
following unilateral electrolytic lesions of LC in cats; 
cats with lesions in neighboring tegmentum and sham- 
operated controls showed no change [71]. The postopera¬ 
tive condition of animal with unilateral lesions was much 
better than after bilateral lesions; in only one unilaterally 
LC-lesioned animal was there urinary retention, and this 
was transient and no “alteration in any other vegetative 
function” was observed. Accordingly, Caballeros and 
DeAndres attributed the differences between their study 
and that of Jones et al to nonspecific effects of the larger 
lesions that, as with almost any CNS insult, may have led to 
a REM sleep reduction [70, 71]. 


11.5.3.4.1. Locus Coeruleus Cooling Induces REM Sleep. 
Cespuglio and coworkers performed unilateral and bilat¬ 
eral cooling of the LC, using the same methodology as 
described above for the dorsal raphe cooling [72]. The 
effects of cooling were quite clear-cut. Three cats each had 
5 trials of bilateral cooling, and in all 15 trials, there 
was progression to synchronized sleep (30-60 s), then to 
the transition phase with PGO waves (2-3 min), and then, 
in 40-50% of the trials, to full-blown REM sleep (3-4 min 
after cooling onset). Unilateral cooling produced exactly 
the same picture in 92% of the trials. In repeated cooling 
trials, REM sleep was repetitively induced and the per¬ 
centage of REM sleep increased by 120% over control 
periods. Figure 11.17 shows that LC cooling to +10°C 
induced, in sequence, synchronized sleep, then PGO 
waves (transition period, 2 min latency), and finally, 
2.5 min after the onset of cooling, a full-blow REM sleep 
episode. Note that both phasic and tonic components 
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Figure 11.17. In the cat, bilateral localized cooling of the locus coeruleus (LC) induces cortical synchro¬ 
nization, then PGO waves, then both the tonic and phasic components of REM sleep. The frontal section 
insert is at P3 (Berman, 1968) and shows the position of the tip of the cryode in the LC zone. The dotted 
and solid lines indicate the time duration of cooling to +20 and then to +10°C; at +10°C, REM sleep is 
induced and maintained. Abbreviations: EMG, electromyogram of neck muscle; Cx.bi.Fr and Cx.Fr.O 
are cortical EEG from bifrontal and fronto-occipital electrodes respectively; GL.g is record of PGO wave 
activity from the left (= gauche in French) lateral geniculate nucleus; and LR.g. is electromyographic 
record of the left lateral rectus muscle, indicating the presence of leftward eye movements. From 
Cespuglio et al (1982). 


of REM sleep were present: muscle atonia, cortical 
desynchronization, PGO waves, and rapid eye movements. 

Cooling experiments produced repeatable effects 
implying temporary inactivation and not destruction of 
neuronal elements, and also because they clearly enhanced 
REM. This raises the general point that nonspecific effects 
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of destructive lesions always decrease REM, as do other 
CNS insults. Satinoff s comment about nonspecific effects 
is that, “One might also say that rendering an animal 
unconscious by a blow to the head eliminates REM sleep. 
In a sense it does, but that sense is completely trivial” [73]. 
It is, consequently, hard to draw definitive and inter¬ 
pretable conclusions about destructive lesions, especially 
those that do not enhance REM sleep. Jones, for example, 
concluded that her lesions showed the LC was not neces¬ 
sary for REM sleep, in the sense of being a region actively 
promoting REM, as had been proposed in the early Jouvet 
theory. While this interpretation appears reasonable, an 
important alterative interpretation was not ruled out: 
namely, that the LC plays a permissive, disinhibitory role 
but that nonspecific effects of the large lesions prevented 
the appearance of increased REM sleep—as we have seen 
taking place with both unilateral LC lesions and cooling 
that inactivated monoamine neurons. Later studies in the 
Jones laboratory were consistent with this disinhibition 
hypothesis (see below and [74]). In summary, many non¬ 
specific factors decrease REM and few, if any, increase it; 
consequently, lesions or manipulations that increase REM 
are always more directly interpretable. 

11.5.3.4 .2. Site(s) of REM-Off and REM-On interaction. The 
model for REM sleep control proposed in the next chapter 
discusses REM-off suppression of REM-on neurons. It must 
be emphasized that there are several, nonmutually exclu¬ 
sive, possible sites of interaction. These include direct ACh- 
NE interactions in the LDT and PPT. For example, there is 
now evidence that ChAT-labeled fibers are present in LC 
and it has long been known that the NE-containing LC 
neurons also stain intensely for the presence of acetyl¬ 
cholinesterase [75]. NE varicosities are present throughout 
the reticular formation and the LDT and the peribrachial 
area that is the site of ChAT-positive neurons. Thus adren¬ 
ergic-cholinergic interactions may take place directly 
between these two species of neurons and/or may take 
place at reticular neurons. 


11,6. GABAergic Influences and 
REM Sleep 

In addition to the monoamines and acetylcholine as 
modulators and controllers of the sleep cycle, there is 
accumulating evidence that GABAergic influences may 
play an important role. Defining the role of GABA with 
certainty is difficult, however. Since GABA is an ubiquitous 
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inhibitory neurotransmitter, purely pharmacological 
experiments using agents that increase or decrease GABA 
do not answer a key question, namely whether the results 
so obtained were representative of the increases or 
decreases in GABA that occur naturally in the course of 
the sleep cycle, or were simply and trivially the result of a 
pharmacological manipulation of GABA systems not 
naturally playing a role in sleep-cycle control. Microdialysis 
is potentially a very useful way of sampling naturally occur¬ 
ring changes in GABA levels over the sleep cycle, but is 
often limited in sensitivity and, hence, in time resolution 
of when the changes occur in the sleep cycle. 

This section surveys GABA data from dorsal raphe, 
LC, and pontine reticular formation that are relevant to 
sleep-wakefulness control. From the standpoint of sleep- 
cycle control, one of the most puzzling aspects has been 
defining what causes the “REM-off ’ neurons in the LC and 
DRN to slow and cease discharge as REM sleep is 
approached and entered. The reciprocal interaction 
model (see below) hypothesized a recurrent inhibition of 
LC/DRN, which might account for this effect. While 
recurrent inhibition is present, there is no clear evidence 
that it might be the causal agent in REM-off neurons turn¬ 
ing off. Thus, the prospect that a GABAergic mechanism 
might be involved is of great intrinsic interest. We go into 
some detail about the GABA levels reported, since GABA 
sampling is evolving technically. 


11.6.1. Dorsal Raphe Nucleus 

11.6.1.1. Microdialysis 

Nitz and Siegel obtained in vivo microdialysis samples 
from the DRN in naturally sleeping cats, noting that 
“cessation of firing of serotonergic dorsal raphe neurons 
is a key controlling event of rapid eye movement (REM) 
sleep” [76]. This study is the single extant microdialysis 
study of GABA release in DRN, and reported a significant 
increase in GABA levels in REM sleep (0.072 pmol/ jjiL or 
72 fmol/ pL) compared with wakefulness (0.042 pmol/|xL), 
while SWS (0.049 pmol/fiL) did not significantly differ 
from wakefulness. Glutamate and glycine release did not 
change over the sleep cycle. Further supporting a GABA 
role in REM control via inhibition of serotonergic neurons 
was the 67% increase in REM sleep observed with microin¬ 
jections of the GABA agonist muscimol into the DRN and 
the observation that reverse micro dialysis of the GABA 
antagonist picrotoxin completely abolished REM sleep. 
For comparative purposes we note that the increase in 
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REM sleep observed with microdialysis application of the 
5-HT1A agonist 8-OH-DPAT to DRN by Portas et al was 
greater (190%) suggesting that factors other than GABA 
might influence serotonergic neurons [61]. 

Although the data did not directly support 
GABAergic inhibition as a mechanism of the slowing of 
serotonergic unit discharge in the passage from wakeful¬ 
ness to SWS, Nitz and Siegel noted the possibility that a 
small increase in the release of GABA, possibly beyond the 
resolution of the microdialysis technique, might be suffi¬ 
cient to reduce DRN unit discharge in SWS. 

11.6.1.2. Microiontophoresis 

Levine and Jacobs showed in cats that iontophoretic 
application of bicuculline reversed the typical suppression 
of DRN serotonergic neuronal activity seen during SWS 
but had no effect on maintained activity during W and 
the more complete suppression of activity occurring dur¬ 
ing PS [77]. An interpretation of this finding offered by 
Nitz and Siegal was that bicuculline was able to antagonize 
the lesser GABAergic inhibition during SWS, but not the 
greater inhibition during REM sleep, since bicuculline is 
a competitive GABA-A receptor blocker, unlike the picro- 
toxin used by Nitz and Siegel [76]. 

Gervasoni et al. reported that, in the unanesthetized 
but head-restrained rat, the iontophoretic application of 
bicuculline on DRN serotonergic neurons, identified by 
their discharge characteristics, induced a tonic discharge 
during SWS and REM sleep (see Fig. 11.18) and an 
increase of discharge rate during quiet waking [78]. They 
postulated that an increase of a GABAergic inhibitory tone 
present during wakefulness was responsible for the 
decrease of activity of the DRN serotonergic cells during 
slow-wave and REM sleep. In addition, by combining retro¬ 
grade tracing with cholera toxin B subunit and glutamic 
acid decarboxylase immunohistochemistry, they provided 
evidence that the GABAergic innervation of the dorsal 
raphe nucleus arose from multiple distant sources and 
not only from interneurons as classically accepted. Among 
these afferents, they suggested GABAergic neurons located 
in the lateral preoptic area and the pontine ventral peri¬ 
aqueductal gray, including the DRN itself, could be respon¬ 
sible for the reduction of activity of the DRN serotonergic 
neurons during SWS and REM sleep, respectively. 

However, a report from the same laboratory in the 
same year described results at variance with those of 
Gervasoni et al [78]. Sakai and Crochet used in vivo extra¬ 
cellular unit recordings combined with microdialysis infu¬ 
sion in the cat but were unable to block the cessation of 
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Bicuculline restores DRN unit discharge during REM sleep 
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SWS | i REM sleep 



Figure 11.18. Effect of an iontophoretic application of bicuculline on a presumptively serotonergic 
dorsal raphe nucleus (DRN) cell during REM sleep. In control conditions, the DRN neuron does not 
discharge during REM sleep (100-120 s). Thirty seconds after the onset of the bicuculline application 
(70 nA, 42 s), the neuron increased its discharge rate to a mean frequency of 3.6 Hz. The effect lasted 
43 s and disappeared 31 s after the end of the bicuculline application. Note that the REM sleep period is 
not disrupted by the iontophoretic application of bicuculline. Adapted from Gervasoni et al (2000). 


discharge of presumed serotonergic DRN neurons during 
REM sleep by either bicuculline or picrotoxin applica¬ 
tion [79]. Rather, in subpopulations of DRN neurons, ces- [79] Sakai and Crochet 
sation of REM sleep discharge was completely blocked by (2000). 
either histamine (2 or 5mM, in 19/27 neurons), or 
phenylephrine, an alphal adrenoceptor agonist (0.2 mM, 
in 10/21 neurons). (No neuron responded both to hista¬ 
mine and to phenylephrine.) Suppression of sponta¬ 
neous discharge of DRN neurons during quiet wake and 
SWS occurred with microdialysis application of mepyra- 
mine, a specific HI histamine receptor antagonist (N = 9 
histamine-responsive neurons) or prazosin, a specific 
alphal adrenoceptor antagonist (N = 2 phenylephrine- 
responsive neurons). Sakai and Crochet concluded that 
the suppression of REM-off neuronal discharge was the 
result of SWS and REM sleep disfacilitation of excitatory 
histaminergic and noradrenergic projections to DRN 
[79]. We note that no data were presented on whether 
DRN application of mepyramine and/or prazosin was able 
to increase REM sleep percentages, as were GABA antago¬ 
nists and serotonin agonists, as described above by Nitz 
and Siegel [76] and Portas et al [61]. Sakai and Crochet 
found an increase in DRN neuronal antidromic excitability 
during REM sleep, mainly due to a decreased spontaneous 
discharge rate, a cause that could be due to either disfacili¬ 
tation or inhibition [64]. While it is entirely possible that 
GABA pharmacological actions could differ radically in 
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[80] Nitz and Siegel 
(1997b). 


the cat and rat, the most parsimonious interpretation is 
that the Gervasoni et al studies in the rat and Sakai and 
Crochet in the cat differed in technical aspects [79, 80]. 
The argument for a different pharmacology in the cat and 
rat is weakened also by the results of Nitz and Siegel, which 
agreed with the Gervasoni et al rat data [76, 78]. 
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11.6.2. Locus Coeruleus 
11.6.2.1. Microdialysis 

The single published study on sleep-wake analysis of 
GABA release in the LC region placed microdialysis 
probes on the border of LC or in the peri-LC region in the 
cat [80]. GABA release was found to increase during REM 
sleep (1.9 fmol/pL) as compared to both waking values 
(L2 fmol/fxL) and SWS (1.6fmol/pL) (see Fig. 11.19). 
GABA release during SWS showed a trend-level signifi¬ 
cance (p < 0.06) when compared with waking. The con¬ 
centration of glutamate and glycine in microdialysis 
samples was unchanged across sleep and wake states. 
These data, because of the SWS differences, appear to 
offer more direct support for LC than for DRN neurons 
for the hypothesis of GABA-induced inhibition causing the 
reduction in LC/DRN discharge in SWS and virtual cessa¬ 
tion of firing in REM sleep. Incidentally, the authors did 
not explicitly comment on the reason for their finding a 
35-fold greater GABA concentration in the DRN than in 
the LC during waking; this may have been due to various 
methodological differences, thus calling to attention the 
difficulty in measuring GABA. 

GABA peaks in the Locus Coeruleus 




Figure 11.19. Chromatographic peaks corresponding to GABA from a 
single sleep/wake cycle. The GABA peak is indicated by blackening. 
Modified from Nitz and Siegel, 1997a. 
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Gervasoni and colleagues applied their methodology 
of microiontophoresis and single-unit extracellular 
recordings in the LG of unanesthetized, head-restrained 
rats [81]. Bicuculline, a GABA-A receptor antagonist, was 
able to restore tonic firing in the LC noradrenergic 
neurons during both REM sleep and SWS. Application of 
bicuculline during wakefulness increased discharge rate. 
These data, combined with Nitz and Siegel [80], are thus 
consistent with GABAergic inhibition in the LC during 
REM and SWS. 


11.6,3. Source of State-Related GABAergic 
Input to DRN and LC 

Overall, the DRN and LC studies just surveyed are 
consistent with, but do not prove, the hypothesis that 
increased GABAergic inhibition leads to REM-off cells 
turning off. The increased GABAergic tone could simply 
be a consequence of other state-related changes without 
causing these changes. Here, as with other neurotransmit¬ 
ters, it would be helpful to have unit recordings of 
GABAergic neurons with inputs to LC/DRN. One could 
see if these neurons had the requisite lead times and state- 
related discharge time course to cause the changes. Where 
might these neurons be located? 


11.6.3.1. Periaqueductal Gray? 

The Gervasoni et al study on DRN pointed to the 
periaqueductal gray (PAG) as a possible source of the 
GABAergic input proposed to inhibit DRN neurons [78]. 
The PAG is involved in the control of a number of behav¬ 
ioral and physiological functions, many related to 
autonomic and visceral function, as well as to pain [82]. 
With respect to behavioral state control, there are reports 
that suggest the ventrolateral division of the PAG (vlPAG) 
may be involved in the regulation of REM sleep since both 
vlPAG lesions and muscimol injections produced a large 
increase in REM sleep [83]. Thakkar and colleagues thus 
decided to record vlPAG unit activity in freely behaving 
cats to determine if neurons selectively increased their 
tonic discharge activity before and during REM sleep, and 
hence might furnish GABAergic inhibition of monoamin- 
ergic neurons [84]. Several types of state-specific neuronal 
populations were found in the PAG, but none of the 33 
neurons showed a tonic discharge increase before and during 
REM, but rather were phasic in pattern and increased 


[81 ] Gervasoni et al 
(1998). 


[82] Reviewed in 
Behbehani (1995). 


[83] For vlPAG lesions see 
Petitjean et al (1975); for 
muscimol see Sastre et al 
(1996). 


[84] Thakkar et al (2002). 
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discharge rate too late in the cycle to be a cause of the 
DRN SWS suppression. These data thus suggest that 
although vlPAG neurons may regulate phasic components 
of REM sleep, they do not have the requisite tonic pre- 
REM and REM activity to be a source of GABAergic tone to 
monoaminergic neurons responsible for their REM-off 
discharge pattern. This (and any) study with negative find¬ 
ings can be critiqued on failure to study more potential 
exemplars. However, compared with other unit studies, 
this study did record more neurons than most; its negative 
findings would suggest that, at a minimum, neurons with 
the requisite activity are not abundant in the vlPAG. 
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11.6.3.2. Ventrolateral Preoptic Area? (VLPO) 

This forebrain site was retrogradely labeled by 
Gervasoni et al as projecting to the DRN [78]. Forebrain 
influences on REM sleep are discussed in the next chapter, 
but the Jouvet transection experiments suggest, however, 
these are not essential for the basic REM cyclicity found in 
the pontine cat. 


11.6.4. GABA and the Pontine Reticular 
Formation: Disinhibition 
and REM Sleep 

11.6.4.1. Pharmacological Studies in Cats on the 
Behavioral State Effects of GABA Agents 

In three chronic, unanesthetized cats, Xi et al micro- 
injected GABA, muscimol (GABA-A receptor agonist), and 
bicuculline (GABA-A receptor antagonist), separately, into 
the nucleus pontis oralis (NPO). This was in a region 
about 2 mm lateral to the midline and more than 1 mm 
ventral to LC—a region where carbachol induced a short 

[85] Xi etal (1999). latency (<4 min) onset of REM sleep [85]. The injection 

of either GABA or muscimol-induced wakefulness caused 
SWS and REM sleep to be suppressed. In contrast, the injec¬ 
tion of bicuculline induced a prolonged state that was simi¬ 
lar to naturally occurring REM sleep with muscle atonia, 
EEG desynchronization, and rapid eye movements. This 
REM-like state was three-fold more prominent that natural 
REM sleep (36% and 12%, respectively, of recording time). 

Xi et al elaborated on their 1999 data and micro- 
injected GABA-B agents baclofen (GABA-B agonist) 
and phaclofen (GABA-B antagonist) as well as muscimol 

[86] Xi etal (2001). and bicuculline into the NPO [86, 85]. Microinjection 

of 10 mM muscimol into RPO in cats significantly and 



508 

CHAPTER 11 


immediately increased wakefulness at the expense of REM 
and NREM, whereas 10 mM bicuculline enhanced REM, 
producing increases in the percentage of time in this state 
its frequency, and reducing the latency to onset. In con¬ 
trast, injections of bicuculline or phaclofen produced 
active sleep. The percentage of time spent in active sleep 
and the frequency of active sleep increased while the 
percentage of time spent in wakefulness and the latency to 
active sleep were significantly reduced. The effects of 
baclofen and phaclofen were similar to the GABA-A agents 
but less strong. These data suggested that pontine 
GABAergic processes acting on both GABA-A and GABA-B 
receptors might play a critical role in generating and main¬ 
taining wakefulness and in controlling the occurrence of 
the state of REM sleep. 

11.6.4.2. Pharmacological Studies in Rats on the 
Behavioral State Effects of GABA Agents 

In the head-restrained rat, Boissard et al used micro¬ 
iontophoresis of the GABA-A antagonists bicuculline and 
gabazine in the pontine reticular formation just ventral 
to the LC and LDT [87], termed the dorsal and alpha 
subcoeruleus nuclei by Paxinos and Watson atlas and the 
sublaterodorsal (SLD) nucleus by Swanson [88]. These 
agents produced a REM-like state with some, but not all, of 
the electrographic characteristics of REM sleep. Muscle 
atonia was a prominent and consistent feature, and an 
anatomical study showed anterogradely labeled fibers 
originating from the SLD were apposed on glycine- and 
C-Fos-positive neurons (labeled after 90 min of pharma¬ 
cologically induced REM-like state) in the medullary 
gigantocellular and parvicellular reticular nuclei, likely 
sources of muscle inhibition during REM sleep. The EEG 
spectrum of natural REM sleep was not consistently pres¬ 
ent in this pharmacological state; the EEG spectrum was 
either intermediate between W and REM (39% of trials) 
or similar to W (61% of trials), including little theta activ¬ 
ity. Rapid eye movements and penile erections were 
notably absent in this pharmacologically induced state. In 
contrast to the cat, carbachol applied to the SLD in these 
head-restrained rats produced wakefulness and not REM 
sleep. The authors interpreted these data as supporting 
the production of the REM-like phenomena through 
GABA disinhibition, especially the muscle atonia. 

Sanford et al assessed REM after bilateral microinjec¬ 
tions into NPO and nucleus pontis caudalis (NPC) of musci¬ 
mol and bicuculline in rats during the light (inactive) 
period [89]. In NPO, muscimol (1,000 jjlM) suppressed 
REM while bicuculline ( 1,000 jxM) enhanced REM. In NPC, 


[87] Boissard et al (2002). 

[88] Paxinos and Watson 
(1997); Swanson (1992). 


[89] Sanford et al (2003). 
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( 2002 ). 


muscimol (200 jxM, 1,000 fxM) suppressed REM but bicu- 
culline (1,000 |xM and less) did not significantly affect 
REM. Higher concentrations of bicuculline (10,000 jjlM) 
injected into NPO and NPC produced wakefulness, circling, 
and escape behavior. Of note, bicuculline induced an over¬ 
all increase in REM across the 6-hr recording period that 
was greatest in the third and fourth hours after the injec¬ 
tion, but the pronounced short-latency, long-duration 
increase in REM seen in cats [85] was not observed. 

This observation is similar to the absence of short- 
latency, long-duration enhancement of REM sleep with 
carbachol in the rat and its presence with these very differ¬ 
ent agents suggests a species difference in REM organiza¬ 
tion, perhaps related to the more circadian rats. Repeating 
the experiments of Sanford et al and Boissard et al 
[89, 87] in the dark, active phase would be of interest in 
determining whether circadian phase is an important 
variable in response to these agents in the rat. It is puzzling 
that such dark phase experiments have not been done. 

11.6.4.3. Microdialysis Measurements of GABA in 
the Pontine Reticular Formation 

Recently, Thakkar, Tao, and McCarley (unpublished 
data) have studied GABA release in pontine reticular 
formation of freely moving cats. They validated GABA 
measurements by increasing/decreasing GABA release by 
local microdialysis perfusion of (1) high (100 mM) K + ; 
(2) GABA uptake blockers (SKF 89976A and nipecotic 
acid); and (3) 10% procaine. The sensitivity in 5 uL sam¬ 
ples was 0.04 pmol/sample. In the four animals thus far 
tested, multiple episodes of REM sleep had consistently 
lower levels of GABA than wakefulness (see Fig. 11.20). 
Although wake was not statistically different from SWS, 
there was a trend toward lower GABA levels in SWS. 
Moreover, extracellular levels increased during forced 
wakefulness and decreased markedly during carbachol- 
induced REM. These data provide very preliminary but 
direct evidence compatible with GABA disinhibition in the 
pontine reticular formation during REM sleep. 

11.6.5. The Pedunculopontine Tegmental 
(PPT) Nucleus 

Torterolo et al microinjected muscimol and bicuculline 
into the PPT of four chronic cats [90]. Muscimol increased 
the time spent in REM sleep by increasing the frequency 
and duration of REM episodes; this increase was at the 
expense of the time spent in wakefulness. A decrease in 
PGO density during REM sleep was also observed following 
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Figure 11.20. Extracellular concentrations of GABA in the pontine reticular formation in freely moving 
cats as measured by microdialysis. A. Release is lowest during REM sleep. B. Extracellular levels of GABA 
in the medial pontine reticular formation (mPRF) during 6 hr of sleep deprivation show an increase. 
C. Microdialysis perfusion of carbachol in the mPRF causes a significant reduction in GABA release in 
mPRF. Abbreviations: W — Wakefulness, S = SWS = non-REM sleep, R = REM sleep. Thakkar, Tao, and 
McCarley, unpublished data. 


the microinjection of muscimol. On the other hand, bicu- 
culline decreased both REM sleep and SWS and increased 
the time spent in wakefulness. These data were somewhat 
paradoxical in that an inhibitory agent increased REM 
sleep; the authors suggest that the GABA-A agonist acted 
primarily to suppress the activity of wakefulness-promoting 
PPT neurons, which are in a majority. We think there is an 



alternate explanation: GABA agonists may primarily act to 
inhibit the GABAergic PPT neurons that inhibit choliner¬ 
gic REM-on neurons. Since the PPT Wake/REM-on neu¬ 
rons are active in natural REM sleep as well as in wake, it is 
highly unlikely they would act to suppress REM sleep. 
Similarly, bicuculline might act to disinhibit PPT GABA 
neurons; however, their actions on PPT cholinergic neu¬ 
rons would also be blocked, as would other incoming 
GABAergic influences from outside the ipsilateral PPT, 
thus, producing a net disinhibition of PPT cholinergic 
neurons. 
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REM Sleep as a Biological Rhythm: 
The Phenomenology and a 
Structural and Mathematical 
Model with Application to 
Depression 

12.1. Introduction and Overview 


This chapter first presents a structural model of REM sleep 
cyclicity based on the data discussed in Chapter 11. The 
next sections discuss the characteristics of the REM sleep 
rhythm and the need for a mathematical model incorpo¬ 
rating a limit cycle. Later sections of this chapter take up 
the more formal modeling aspects using the simplifying 
and unifying concept of interactions of REM-on and REM- 
off neurons. A final section (12.8) addresses the applica¬ 
tion of the model to understanding the abnormalities of 
REM sleep in patients suffering from depression. 


12.2. A Structural Model of REM Sleep 
Organization 

The history of the development of structural models 
encompasses the history of discovery of neurons and 
neurotransmitters important in REM sleep, and is one 
of growing complexity. The first formal structural and 
mathematical model was presented in 1975 by McCarley 
[1] McCarley and Hobson and Hobson [1]. This model, termed the Reciprocal 
(1975b). Interaction model, was based on the interaction of popula¬ 

tions of REM-on and REM-off neurons and mathematically 
described by the Lotka-Vol terra (LV) equations, derived 
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Core Reciprocal Interaction Schematic 
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Figure 12.1. Summary of the “core” features of the reciprocal interaction model. The REM-on neuronal 
population has a positive feedback so that activity grows (see connection labeled “a”). This activity 
gradually excites the REM-off population (connection “d”). The REM-off population then inhibits the 
REM-on population (connection “b”), terminating the REM episode. The REM-off population is also 
self-inhibiting (connection “c”), and as REM-off activity wanes, the REM-on population is released from 
inhibition and is free to augment its activity. This begins a new cycle of events. This interaction is formally 
described by the Lotka-Volterra equations, where X = REM-on activity and Y = REM-off activity. 


from population models of prey-predator interaction. This 
chapter will suggest that the basic notion of interaction of 
REM-on and REM-off neuronal populations is a very useful 
one for modeling and conceptualization, even though the 
description of the populations of neurons characterized as 
REM-on and REM-off has been altered and made much 
more detailed. Before getting into the details of the 
anatomy and the interaction, we first point the reader to 
Fig. 12.1, which describes the “core” features of the struc¬ 
tural and mathematical model, and provides nonmathe- 
matical descriptions of the dynamics. The subsequent parts 
of this section elaborate on this core model in terms of 
current knowledge of the physiology and anatomy. 


12.2.1. REM-On Neurons and Interaction with 
Other Elements in the Model 

12.2.1.1. REM-On Neurons and the Postulate of 
Self-Excitation (Positive Feedback) and 
Exponential Growth—Term “a” in Fig. 12.1 

The 1975 model was constructed before ChAT identifi¬ 
cation of cholinergic neurons and the REM-on population 
was simply characterized as pontine reticular formation 
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[2] Initially described by 
McCarley and Massaquoi 
(1992). 


[3] Leonard and Llinas 
(1994). 


(PRF) neurons [1]. Today, we view a subset of cholinergic 
neurons in the laterodorsal tegmental (LDT) and pedun- 
culopontine tegmental (PPT) as being the principal REM- 
on neuronal population; they are conceptualized as 
interacting with pontine reticular neurons in a mutually 
excitatory positive feedback relationship [2]. Chapter 11 
has presented strong in vitro and in vivo data indicating the 
excitatory effects of acetylcholine (ACh) on PRF neurons 
and clear anatomical evidence of cholinergic projections 
from the mesopontine LDT and PPT nuclei (LDT/PPT) 
to both PRF and bulbar reticular formation (BRF). These 
projections depolarize and excite neurons in the effector 
systems important in REM sleep, including those for 
rapid eye movements, PGO waves, muscle atonia, and 
EEG desynchronization. The conjoint activation of these 
neuronal groups produces the state of REM sleep. In 
terms of details of modeling the positive feedback system, 
a key consideration is the fact that ACh hyperpolarizes 
(inhibits) the cholinergic neurons [3], and, thus, the 
exponential growth of REM-on neuronal activity cannot 
be due to a positive feedback within the LDT/PPT neu¬ 
ronal population. Instead, the positive feedback for expo¬ 
nential growth in REM-on activity likely stems from the 
inclusion of reticular formation neurons in the loop: 
LDT/PPT —> PRF -» LDT/PPT. The reader is referred to 
Fig. 12.2 that describes this structure of the REM-on 
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Figure 12.2. Structural reciprocal interaction model with incorporation of GABAergic interactions. See 
text for further description. 
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population, and should be referred to for details of the 
current anatomical/structural model. Additional positive 
feedback occurs via reticuloreticular connections (see 
Chapter 11; for simplicity, this feature is not shown in 
Fig. 12.2). 

Supporting data for the PRF—> LDT/PPT excitation 
include the presence of reticulo-> LDT/PPT projections, 
evidence that excitatory amino acids (EAA) are the princi¬ 
pal excitatory transmitters of PRF, and in vitro evidence 
for excitation of LDT/PPT neurons by EAA [4]. Further 
supporting the concept of PRF-LDT/PPT interaction dur¬ 
ing REM sleep are data showing that medial PRF microin¬ 
jection of carbachol that induced REM sleep also 
increased the release of ACh in the medial PRF contralat¬ 
eral to the injection site, presumably as a result of PRF 
excitation of LDT/PPT neurons [5]. Finally, as described 
in Chapter 11, unit recording data indicate that a subset of 
LDT/PPT neurons becomes selectively active just before 
and during REM sleep, as would be expected of neurons 
promoting this state. 


[4] For anatomical data on 
PRF projections to meso- 
pontine cholinergic 
LDT/PPT see Higo etal 
(1989a, 1990); for EAA as an 
excitatory neuro transmit¬ 
ter in PRF see Stevens et al 
(1992); for in vitro evidence 
for excitation of choliner¬ 
gic mesopontine neurons 
by EAA see Sanchez and 
Leonard (1994, 1996). 

[5] Lydic etal (1991). 


12.2.1.2. Reticular Formation and GABAergic 
Influences 


Not only may LDT/PPT cholinergic input excite PRF 
neurons but there is the intriguing possibility that 
inhibitory LDT/PPT projections from REM-on neurons 
impinge onto GABAergic PRF interneurons with projec¬ 
tions onto PRF neurons. This would have the effect of dis- 
inhibiting glutamatergic PRF neurons as REM sleep was 
approached and entered. Gerber et al found that about 
one-fourth of PRF neurons in vitro were inhibited by mus¬ 
carinic cholinergic agents [6]. Whether these neurons that 
were inhibited were GABAergic or not, however, is still not 
known. Preliminary data in the cat support cholinergic 
inhibition of GABAergic neurons, since microdialysis appli¬ 
cation of carbachol to the PRF not only induced REM but 
decreased GABA concentrations in samples from the same 
microdialysis probe [7]. Moreover, as outlined in Chapter 
11, there is considerable evidence that reduction of GABA 
inhibition in the PRF might play a role in production of 
REM sleep. First, there are preliminary microdialysis data 
in both the cat [7] and the rat [8] that GABA levels in the 
PRF are decreased during REM sleep compared to wakeful¬ 
ness and the Thakkar et al data indicate levels in non-REM 
sleep are intermediate between wakefulness and REM 
sleep. Second, pharmacological experiments support this 
concept since GABA antagonists applied to the rostral PRF 
produced REM sleep in both the cat and the rat [9]. This pos¬ 
tulated pathway of LDT/PPT muscarinic inhibition of GABA 


[6] Gerber et al (1991). 


[7] Thakkar et al (2004). 


[8] Marks et al (2003). 


[9] For cats see Xi et al 
(1999); Xi et al (2001); for 
rats see Sanford et al 
(2003). 
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[10] Jones (1993). 

[11] Uetal (1998). 


[12] Luebke etal (1992). 


PRF neurons during REM sleep is illustrated in Fig. 12.2. 
The dotted lines for this and other GABAergic pathways 
indicate the more tentative nature of identification of both 
the projections and their source. This figure graphically 
emphasizes that inhibition of PRF GABAergic neurons that 
inhibit PRF neurons would “Dis-Inhibit” the PRF neurons 
and so constitute an additional source of positive feedback. 
Of note, the GABA levels in wake and in REM in the PRF 
[7] are almost the exact inverse of Nitz and Siegefs meas¬ 
urements of GABA in the locus coeruleus (LC) (see 
Chapter 11) suggesting a possible common source in the 
REM on neuronal activity of disinhibition in PRF and inhi¬ 
bition in LC REM-on neurons (PRF Wake/REM ratio = 1.7 
and LC REM/Wake ratio = 1.7). 


12.2.2. Excitation of REM-Off Neurons by 

REM-On Neurons (Fig. 12.1 term “d”) 

There is anatomical evidence for cholinergic projec¬ 
tions to both LC and dorsal raphe nucleus (DRN) [10]. 
In vitro data indicate excitatory effects of ACh on LC 
neurons, but data do not support such direct effects on 
DR neurons [11]. The REM-on neuronal excitation of DR 
neurons may be mediated through the reticular forma¬ 
tion; there is in vitro evidence for EAA excitatory effects on 
both LC and DR neurons. 


12.2.3. Inhibition of REM-On Neurons by 

REM-Off Neurons (Fig. 12.1 term “b”) 

As noted in Chapter 11, for many years, this aspect of 
the model was most controversial, since the indirect evi¬ 
dence from in vivo data, although generally supportive, 
was subject to alternative explanations. Now in vitro data 
indicate that a subpopulation of cholinergic neurons in 
the LDT are inhibited by serotonin [12]. Inhibition is 
especially consistent for the population of LDT neurons 
that fire in bursts; such burst firing has been shown by in 
vivo extracellular recordings to be tightly correlated with 
lateral geniculate nucleus PGO waves, which other data 
indicate are cholinergically mediated. The action poten¬ 
tial burst itself is caused by a particular calcium current, 
the low-threshold spike (LTS), which causes calcium influx 
and depolarization to a level that produces a burst of 
sodium-dependent action potentials. Some nonburst 
cholinergic neurons are also hyperpolarized by serotonin. 
Other data indicate effects of norepinephrine (NE) on 
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LDT/PPT cholinergic neurons are also inhibitory [13]. 
Moreover, noncholinergic, presumptively GABAergic, 
interneurons are excited by NE [14]; GABAergic interneu- 
rons acting to inhibit cholinergic neurons would furnish 
yet another possible mechanism of inhibition of choliner¬ 
gic mesopontine neurons by NE, thus further strengthen¬ 
ing the model's postulates. 


12.2.4, Inhibitory Feedback of REM-Off 
Neurons (Fig. 12.1 term “c”) 

There is strong in vitro physiological evidence for NE 
inhibition of LC neurons and of serotonergic inhibition of 
DR neurons, and anatomical studies indicate the presence 
of recurrent collaterals (see Chapter 11). These recurrent 
collaterals, which have been demonstrated to be inhibitory, 
could be the source of suppression of raphe activity, with 
the prolonged silence during REM resulting from long- 
duration neurotransmitter effects, perhaps from coupling 
with second or third messengers. It has been suggested that 
there may also be an unconventional mode of serotonin 
release during REM sleep that leads to increased extracel¬ 
lular serotonin and hence to inhibition. In vivo voltammetry 
data from Cespuglio and coworkers in the Jouvet labora¬ 
tory suggest that, even though action potential activity in 
dorsal raphe neurons during REM sleep is low, the levels of 
serotonin metabolites increase [15]. This suggests a release 
of serotonin not coupled with soma depolarization. While 
this at first might be viewed as a highly improbable mecha¬ 
nism, Pan and Williams have obtained in vitro data compat¬ 
ible with such an unconventional release of serotonin in 
DR neurons [16]. However, direct measurements by in vivo 
microdialysis of serotonin release in the cat DRN parallels 
the time course of presumptively serotonergic neuronal 
activity: waking (W) > slow-wave sleep (SWS) > REM 
sleep [17] (see Fig. 11.15 in Chapter 11), and so it seems 
unlikely that there is a large serotonin release in DRN 
during REM sleep. 


12.2.4.1. GABAergic Influences in the LC and 
DRN during REM Sleep 

DEN, From the standpoint of sleep-cycle control, one 
of the most puzzling aspects has been defining what causes 
the “REM-off” neurons in the LC and DRN to slow and 
cease discharge as REM sleep is approached and entered. 
While LG-LC and DRN-DRN recurrent inhibition is pres¬ 
ent, there is no clear evidence that it might be the causal 
agent in REM-off neurons’ turning off. Thus, the prospect 
that a GABAergic mechanism might be involved is of great 


[13] Williams and Reiner 
(1993). 

[14] Kohlmeierand 
Reiner (1999). 


[15] Cespuglio et al 
(1990). 


[ 16] Pan and Williams 
(1989). 


[17] Portas and McCarley 
(1994). 



[18] Nitz and Siegel 
(1997a). 


[19] Portas et at (1996); 
Nitz and Siegel (1997a). 


[20] Nitz and Siegel 
(1997b). 


[21] Gervasoni et at 
(1998). 


intrinsic interest As reviewed in Chapter 11, supporting 
a GABAergic mechanism in the DRN is the in vivo micro¬ 
dialysis finding of Nitz and Siegel in naturally sleeping 
cats that there is a significant increase in DRN GABA 
levels in REM sleep (0.072 pmol/ jxL or 72 fmol/ jxL) 
compared with wakefulness (0.042 pmol/pT), while SWS 
(0.049 pmol/jxL) did not significantly differ from wakeful¬ 
ness [18]. Moreover, as discussed in the preceding chapter, 
the balance of pharmacological studies support a GABA- 
induced suppression of DRN activity. We think it impor¬ 
tant to emphasize that the issue of GABAergic and 
serotonergic inhibition is important in suppression of 
DRN discharge as not an either/or but likely one of joint 
influences. For example, we note that the 190% increase 
in REM sleep observed with microdialysis application of 
the 5-HT1A agonist 8-OH-DPAT to DRN by Portas et al 
was greater than that observed with the GABA agonist 
muscimol by Nitz and Siegel, suggesting that factors other 
than GABA might influence serotonergic neurons [19]. 
Determination of whether the GABA time course of 
release parallels the decrease in activity of DRN seroto¬ 
nergic neurons during SWS as REM is approached awaits 
better technology for measurement of GABA. 

LC. Nitz and Siegel placed microdialysis probes on the 
border of LC or in the peri-LC region in the cat [20]. 
GABA release was found to increase during REM 
sleep (1.9 fmol/ pJL) as compared to both waking values 
(1.2 fmol/pL) and SWS (1.6 fmol/jxL) [20]. GABA 
release during SWS showed a trend-level significance 
(p < 0.06) when compared with waking. These data, 
because of the SWS differences, appear to offer more 
direct support for LC than for DRN neurons relative to the 
hypothesis of GABA-induced inhibition causing the reduc¬ 
tion in LC/DRN discharge in SWS and virtual cessation of 
firing in REM sleep. In pharmacological experiments, 
Gervasoni and colleagues found that microiontophoresis 
application of bicuculline, a GABA-A receptor antagonist, 
during extracellular recordings in the LC was able to 
restore tonic firing in the LC noradrenergic neurons dur¬ 
ing both REM sleep and SWS in unanaesthetized, head- 
restrained rats [21]. 


12.2*4.2. Source of GABAergic Inputs to 
LC and DRN 

The major missing piece of evidence on GABAergic 
inhibition of LC/DRN and REM-off neurons is the 
recording of GABAergic neurons whose activity has the 
proper inverse time course to that of LC and DRN neurons 
(see Chapter 11 review). In our diagram of the brainstem 
anatomy of REM sleep-cycle control, we have suggested 
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that GABAergic neurons in the PRF might provide the 
input to DRN/LC. Certainly, neurons in the PRF have 
the requisite time course of activity, but there is, to date, no 
evidence that these are GABAergic neurons. Within the 
LC and DRN, Maloney et al. found the extent of C-Fos 
labeling of GAD-positive neurons in DRN and LC to be 
inversely correlated with REM sleep percentage, and to 

decrease in recovery from REM sleep deprivation [22]. [22] Maloney etal, (1999). 

This is of course compatible with a local source of 

GABA increase during REM. However, unit recordings 

in DRN and LC have not found evidence for neurons 

with an inverse time course to that of the presumptively 

monoaminergic LC and DRN neurons. 


12.3. Characteristics of the REM 
Sleep Rhythm 

Biological rhythms are processes characterized by 
recurrence over a particular time period, with the period 
of recurrence often referred to as tau. The inverse of the 
period of a rhythm is its frequency, a measure less often 
used. Circadian rhythms, for example, refer to processes 
with a period of about a day, while ultradian rhythms are 
those with periods shorter than a day. REM sleep has a 
period of about 90 min in the adult human, about 22 min 
in the cat, and about 12 min in the rat. This feature of 
alteration of ultradian REM period with body and brain 
size is not seen in circadian rhythms, which maintain an 
approximately 24 hr period across all species, regardless 
of size. This constancy of circadian period likely reflects 
function; circadian rhythms prepare behavior and physiol¬ 
ogy for events in the external world that are clocked by the 
circadian period of the earth’s rotation, such as sunrise or 
sunset. While the function (s) of REM remain speculative, 
adjusting internal events to coincide with timing of exter¬ 
nal events seems excluded as a function. A point relating 
circadian rhythms and the ultradian REM rhythm is that, 
in many species including man, the time of occurrence 
and other parameters of REM sleep are modulated by 
circadian rhythms although the occurrence of REM is not 
dependent on the presence of either a circadian rhythm 
or an intact circadian oscillator. 

12.3.1. Phenomenology of the REM 
Sleep Rhythm 


The long duration of the period of the human REM 
cycle (90 min) and the consequent paucity of the number 



of consecutive cycles available for analysis, usually only 
3 or 4, and, in addition, its variability of duration makes 
statistical and experimental analysis of the rhythmicity 
difficult Hence, study of many characteristics of REM 
cycle is easier in animals with a more rapid rhythm, and 
consequently more consecutive cycles are available for 
analysis. We use the term “REM cycle” or “sleep cycle” to refer 
to the time duration from the end of one REM period to 
the end of the next. Figure 12.3 shows the rhythmicity of 



Time (hrs) 

Figure 12.3. Phenomenology of the REM sleep ultradian rhythm. The occurrence of REM sleep epochs 
(black bars) in the cat during the initial 4 h (abscissa) from a randomly selected sample of 12 daily 
recordings, each of which followed REM sleep deprivation by means of forced locomotor activity (A) and 
12 different days of recordings, which were not preceded by forced activity (B). Note the marked reduc¬ 
tion in time to onset of the first REM sleep epoch on each recording day (from zero on the abscissa to the 
first black bar) and the increased frequency of REM sleep epochs after REM deprivation during forced 
activity (contrast number of black bars in A and B). This figure also illustrates the variability of REM sleep 
episodes, with episode to episode variability being less following REM sleep deprivation by forced activity. 
(Duration of forced activity on a very slowly moving treadmill was 8 h for the data in Figs. 12.3-12.6. 
Other studies cited in Lydic et al (1987a) suggest that REM sleep deprivation was the major cause of 
the REM sleep increase; for the present purpose of illustrating how the REM sleep control system 
increases the percentage of REM sleep, the possible presence of other mzyor effects on recovery REM is 
not important.) Adapted from Lydic et al (1987a). 
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REM sleep occurrence in the cat recorded in the 
laboratory. This figure also shows that REM deprivation, 
produced by forced activity for 12 hr, has the effect of 
increasing the regularity of the REM cycle and the percent¬ 
age of recording time occupied by REM [23]. 

Examining the effects of this mild REM deprivation is 
important in allowing us to make statements about the 
properties of the “REM oscillator,” as we shall refer to the 
system producing this ultradian rhythm. The following 
statements summarize the characteristics revealed by REM 
deprivation: 

1. The number of REM episodes is increased by 
deprivation (Figs. 12.4A, B). 

2. The duration of REM sleep episodes is only slightly, 
if at all, increased by REM deprivation (Fig. 12.4C). 
(The duration of a REM sleep episode is the time 
from onset of REM to the end of the same REM 
episode, and is to be contrasted with the term 
“REM cycle” duration—the time from the end of 
one REM episode to the end of the next.) 

3. Without REM deprivation, the average time from 
end of one REM episode to the end of the next is 
increased; more time is spent in waking and slow- 
wave sleep, but not in the “transition period”—the 
pre-REM time characterized by the occurrence of 
PGO waves. The effect of deprivation is summa¬ 
rized in the histograms of REM cycle duration; 
deprivation produces a regularization of REM 
cycle lengths to the median duration of about 
22 min, whereas without deprivation there are 
more long REM cycles characterized by long epi¬ 
sodes of waking and slow wave sleep (Fig. 12.5). 

A simple summary of these data is that the REM oscil¬ 
lator has relatively fixed characteristics: REM episode 
duration is relatively constant, as is the “preferred” or 
modal REM cycle length. We conclude that what varies 
with REM deprivation is the probability of the REM oscilla¬ 
tor being turned on. When the oscillator is not “on,” the 
animal is in waking or slow-wave sleep. Figure 12.6 empha¬ 
sizes this point. 


[23] Where no citation is 
given, the data in this sec¬ 
tion are taken from Lydic 
etal (1987a-b). 


12.3.2. Mathematical Characterization of 
Oscillators 

A mathematical characterization of these phenomena 
would, thus, seem to require a REM oscillator with a 
variable probability of being “on” and with a limit cycle 
organization. By a limit cycle organization one means that 
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Successive D Sleep Epochs 

Figure 12.4. Forced activity and REM sleep deprivation effects. The average number (A), time of onset 
(B), and duration (C) of 265 REM sleep episodes recorded following forced and no forced locomotor 
activity in the cat. Part A shows that forced activity doubled the number of REM sleep episodes in the first 
4 h of the subsequent recording sessions, but this effect was not seen in the second 4 h of recording. 
Part B summarizes the decreased latency to REM sleep onset, which followed forced activity. Frame C 
shows that forced activity produced no significant increase in the average duration of REM sleep. Thus, 
forced activity and REM sleep deprivation act primarily to increase the number of REM sleep episodes. 
Adapted from Lydic etal (1987a). 
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Figure 12.5. Constancy of REM sleep cycle preferred duration Frequency histograms of sleep cycle 
duration in the cat following forced activity (left panel) and no forced activity (right panel). Note that 
forced activity had the effect of reducing the number of long duration sleep cycles and increasing the 
number of shorter duration cycles, with a stronger tendency to cluster around the modal sleep cycle 
duration in the cat, 22 min. Legend: n = number of sleep cycles (sleep cycle = time from end of 
one REM sleep episode to the end of the next), x = mean (broken vertical lines), S.D. = standard devia¬ 
tion. Adapted from Lydic et al (1987a). 


the oscillator system, once turned on, tends to follow 
a relatively fixed time course of oscillatory activity after the 
first cycle or so, no matter what the state of the organism 
when the oscillator is turned on. 

In describing the organization of the oscillator, there 
are two main classes of systems to consider. The first are 
those depending on timing mechanisms intrinsic to indi¬ 
vidual cells, often referred to as “pacemakers.” There 
is growing evidence that the suprachiasmatic circadian 
oscillator system has this kind of structure, although the 
pacemaker neurons themselves are sensitive to Zeitgeber 
(time-resetting) inputs from outside the suprachiasmatic 
nucleus and also are linked to, and perhaps modulate, 
each other. In contrast, there is no positive evidence that 
any such pacemaker neurons are responsible for the REM 
cycle. Currently, the most popular class of models, and, 
indeed, the only class of models for the generation of 
the REM cycle, are those depending on the interaction 
of neuronal populations. 

We next present a simple model of REM control 
based on the simple LV model adapted to interaction 
of neuronal populations, together with a broad sketch 
of the relevant neurophysiology, and link these to data 
presented above and in previous chapters. We then discuss 
a more realistic and complex model—the limit cycle 
model (Section 12.5). The next two sections of this 









Duration (min) 




Figure 12.6. Histograms describing the effect of forced activity on 
the temporal organization of the four behavioral states compris¬ 
ing the sleep cycle in the cat: wakefulness (W), synchronized (S) 
sleep, transition (T), and REM sleep (abbreviated D for desyn¬ 
chronized sleep). The left panels are histograms of the durations 
of the individual states within each sleep cycle, while the right 
panels present the same data in cumulative histogram form. At a 
glance, the panels show that forced activity decreases W and S (p 
< 0.01) by decreasing the number of long duration episodes; 
note also the shift in the means. The transition period (T) 
duration is reduced slightly but significantly by forced activity. In 


contrast, REM sleep (abbreviated as D) duration is not signifi¬ 
cantly affected. These data thus support the concept of a REM 
oscillator with a propensity to generate a relatively constant 
amount of REM sleep per sleep cycle. REM sleep percentage is 
increased by increasing the number of REM sleep episodes, but 
the duration of the episodes is not greatly altered. A simple sum¬ 
mary is that, following REM sleep deprivation, the REM oscillator 
remains “on” for more time; with less REM sleep pressure, the 
oscillator is “off” and this is reflected in more waking and non- 
REM sleep. (Kolmogorov-Smirnow nonparametric statistical tests 
were used.) Adapted from Lydic etal. (1987a). 
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chapter (12.6 and 12.7) present details of the postulates 
and of construction of the two models. 


12-4. The Reciprocal Interaction Model and 
the Lotka-Volterra Equations 

This mathematical model was first proposed in 1975, 
and used the simple LV equations to describe interactions 
of populations of neurons postulated to be involved in 
REM cycle production [1], Although this model does not 
have the limit cycle feature, the basic features of the inter¬ 
action of neuronal populations and the dynamics are the 
same as the more later limit cycle REM models [24]. The 
first section of this chapter has given a nonmathematical 
description of the dynamics of the simpler LV equations. 


12-4.1. Postulated Steps in Production of 
a REM Sleep Episode 

To aid in intuitive understanding of the model, we here 
summarize in words the model’s postulate of steps in pro¬ 
duction of a REM sleep episode and the repetition of this 
REM cycle, and will later introduce the mathematical equa¬ 
tions. We point out the approximate time points of these 
steps by noting the percentage of cycle completed values on 
the time-averages of neuronal activity shown in Fig. 12.7. 
(Zero indicates the beginning of a REM cycle with the end of 
the previous REM period, and the subsequent figures indi¬ 
cate the percentage of the cycle completed, with REM onset 
occurring at about 75% of cycle completed.) These data are 
taken from recordings of REM-on neurons in the PRF and 
REM-off neurons in the LC. In addition to Fig. 12.7, Fig. 12.2 
(the structural model) should also be referred to when 
reading this account of the dynamics of the REM sleep cycle. 

1. The slowing and near-cessation of firing of REM- 
off neurons disinhibit the population of REM-on neurons 
(0-25% of cycle duration). 

2. As a result of this disinhibition, the population of 
REM-on neurons becomes increasingly active and this 
activity augments because of: (a) the excitatory intercon¬ 
nections in this REM-on population (LDT/PPT-reticular 
interaction) and (b) disinhibition of reticular effector neu¬ 
rons from reticular GABAergic neurons, which are inhib¬ 
ited by increasing LDT/PPT activity. Note also that Fig. 12.2 
shows that REM-off neurons may also be inhibited by 


[24] McCarleyand 
Massaquoi (1986a, b, 
1992); Massaquoi and 
McCarley (1992). 
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Figure 12.7. A. Match of the time course of averaged medial pontine reticular formation neuronal 
activity (data in bins) to time course of activity from model simulation using the simple Lotka-Volterra 
(LV) equations (equations 1 and 2). For Model: solid line = ^population; broken line = ^population. 
Ordinate = discharge activity in spikes/s. Point 0 on the graph represents the end of one REM episode 
(the start of the cycle) and 100 represents the end of the next REM episode (cycle end, 100% complete). 
The arrow points to the start of the bin with the most probable time of REM sleep onset. Initial condi¬ 
tions and the values of model constants were set to match the observed modulation during the sleep 
cycle. Adapted from McCarley and Hobson (1975b). B. Theoretical curve (smooth line) for the Ypopu¬ 
lation derived from data for the X population described in part A compared with averaged neuronal 
activity data from 10 cycles of a dorsal raphe neuron (Adapted from Lydic et al., 1987a; tau = sleep cycle 
duration). Abscissa as in A. Averages from REM-off locus coeruleus neurons showed approximately the 
same goodness of fit (McCarley and Hobson, 1975b). We note that the ratio of a to c reflects the funda¬ 
mental nature of X-Y interaction (see text); this ratio in the new limit cycle model presented here is 
approximately the same as that of the 1975 simple LV model. 


GABAergic inputs from REM-on neurons. This augment¬ 
ing of REM-on population activity continues until the REM 
episode is produced (25-75% of cycle duration). 

3. The REM-off population becomes active as a result 
of excitatory input from the REM-on population (75-100% 
of cycle duration). When the REM-off population becomes 
sufficiently active, the REM episode is terminated because of 
the REM-off neurons’ inhibition of the REM-on population. 

4. The population of REM-off neurons is postulated to 
become less active because of inhibitory feedback, and this 
leads to step 1 and a resumption of the cycle. The exact cir¬ 
cuitry responsible for REM-off neurons turning off over the 
sleep cycle remains undefined, and is one of the principal 
current questions in REM sleep control. The sketch in 
Fig. 12.2 indicates that REM-off neuronal autoinhibition 
might not only occur through monoaminergic autorecep¬ 
tors (the original postulate of the reciprocal interaction 
model) but also through GABAergic mechanisms, with 
REM-off neuronal activity producing GABAergic inhibi¬ 
tion in the initial stage of the sleep cycle (0-25% in 
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Fig. 12.7) either through local interneurons and/or 
distant sources. 

The more mathematically inclined reader will also 
have noticed that the oscillatory system, as described, con¬ 
tinues to oscillate indefinitely. Below, we will give a more 
detailed account of the model and describe the turning on 
and off of the oscillator through interaction with circadian 
and other systems. 


12-4.2. Simple Lotka-Volterra Equations 

The interaction situation described nonmathemati- 
cally in Section 12.2 and in the structural model of 
Fig. 12.1 corresponds to the structural model for the most 
simple of stable two-population oscillatory systems, namely 
the LV equations [25]. These were initially used in popula¬ 
tion biology to describe the interaction of a predator 
population (corresponding to the REM-suppressive REM- 
off neurons) with a prey population (corresponding to the 
REM-promoting REM-on neurons). 

For the convenience of the reader, the simple LV 
equations, with X representing REM-on and Y REM-off 
activity, are repeated here. These and the constants in the 
structural model were first presented in Fig. 12.1. 

X'(t) = aX — bXY (1) 

Y'(t) = -cY~h dXY (2) 

These simple LV equations (equations 1 and 2) yield 
time courses of activity that mimic the time course of REM- 
on neuronal discharge and also of REM-off discharge, 
as illustrated in Fig. 12.7. The data fitting for the cat 
neuronal data to the simple LV model were done by set¬ 
ting the strengths of the equations’ constants to match the 
observed time course of rise of REM-on (mPRF) neuronal 
activity at the approach of REM sleep [26]. We will not 
describe the “time domain” behavior of the system further, 
but call attention to Fig. 12.8A, which describes the “phase 
plane” of the system and will be useful in understanding 
the differences between the simple LV model and the limit 
cycle model. A phase plane graph (refer to Fig. 12.8A) is 
constructed by plotting the level of activity of one compo¬ 
nent (X, REM-on discharge activity) vs that of the other 
( Y f REM-off discharge activity) at successive points in time. 
In particular, the simple LV solutions appear as families 
of simple oval orbits (paths) in the phase plane; Fig. 12.8 
provides a schematic illustration of three such paths (PI, 


[25] Lotka (1956); 
Volterra (1931). 


[26] See description in 
McCarley and Hobson 
(1975b); see also Hobson 
etal. (1975) fora 
discussion of the structural 
features of the model. 
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Figure 12.8. Schematic of phase plane paths for simple Lotka-Volterra (LV) system {part A) and for limit 
cycle system with circadian modulation (part B ). Part A. The simple LV solutions appear as families of 
simple oval orbits (paths) in the phase plane. A phase plane graph is constructed by plotting the level of 
activity of one component (X axis, REM-on discharge activity) vs that of the other (Y axis, REM-off dis¬ 
charge activity) at successive points in time. Three such paths (PI, P2, P3) correspond to separate solu¬ 
tions generated by choosing different initial conditions but having the same values for a, b, c, and d. P3 is 
most similar to the solution used in the 1975 model (McCarley and Hobson, 1975b); note that this, like 
any stable oscillation of the Xand Lpopulation, is represented by a single closed orbit which is traversed 
repeatedly over time in a counterclockwise direction (note direction of arrows). All orbits have zero slope 
on the isocline, I A , while all orbits have infinite slope on the other isocline, I B . See also text sections 12.4 
and 12.6. Part B is the phase plane graph of the limit cycle system with circadian modulation. Here, the 
system points (X-Lvalues) cluster in the upper left hand corner during waking [high Lvalues (REM-off 
neurons), low Xvalues (REM-on neurons)]. At sleep onset, there is falling Lactivity and rising Xactivity 
and thus the graph shows a downward and rightward drift and eventually begins to orbit. (For the feline 
model without circadian variation this time course of decline is postulated to be relatively constant, with 
the probability of the system being allowed to oscillate being, in part, a function of whether REM depri¬ 
vation had occurred previously.) In a limit cycle system, all orbits by definition eventually converge to the 
limit cycle and the graph of later cycles is insensitive to the details of the trajectory of the initial transition 
into sleep. The limit cycle model solutions are families of spirals, which all converge to a common, 
unique final oval, termed the limit cycle (P L in the figure, thick line). This same limit cycle is approached 
regardless of whether the initial approach is exterior (P E ) or interior (Pj). The critical feature of this 
human sleep model is that an interior approach (Pj) results from a slow decline in L (see closed circle 
and upper arrow in lower left corner of graph), and occurs near a temperature maximum (a measure of 
the activity of the “deep” circadian oscillator); this results in a quick onset, short duration, low amplitude 
first REM period. An exterior approach (P E ) results, in contrast, from a rapid decline in L (same closed 
circle and lower arrow) and occurs near a temperature minimum; this results in a slow onset, long 
duration, high amplitude first REM period. Sections 12.5 and 12.7 describe other details of the system 
including the altered shape of the isoclines, I A and I B . Whether the approach is exterior or interior to 
the limit cycle depends entirely on the starting conditions and not on any alteration of a property of the 
oscillator. Adapted from McCarley and Massaquoi (1986a). 
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P2, P3), which correspond to separate solutions generated 
by choosing different initial conditions but having the 
same values for a, b, c, and d. P3 is most similar to the solu¬ 
tion used in the 1975 model [1]; note that, like any stable 
oscillation of the X and Y population, it is represented by 
a single closed orbit that is traversed repeatedly over time 
in a counterclockwise direction (note direction of arrows). 
All orbits have zero slope on the isocline, I A , while all orbits 
have infinite slope on the other isocline, I B . Section 12.6 
provides more details of system behavior in terms of the 
phase plane. 


12.4.3* Limitations of the Simple 
Lotka-Volterra System 

The fundamental difficulty with the simple LV 
equation system was that it displayed only neutral stability. 
That is, the system’s long-term behavior was determined 
entirely by its initial conditions. This would imply that, in 
order to generate the regular pattern of sleep cycles, 
the REM oscillator would have to be set into motion each 
night with a highly reproducible precision alien to phy¬ 
siological systems. Furthermore, a REM oscillator gov¬ 
erned by simple LV dynamics would be unreasonably sen¬ 
sitive to any perturbation such as external stimuli so that 
even a momentary alteration of the components of the 
oscillator would disturb the period and other properties 
of REM sleep system forever (or until specifically reset). 
These properties are clearly not typical of physiologi¬ 
cal oscillators; these must be able to maintain stability 
in the face of continuously changing internal and external 
influences. An additional complication of the neutral 
stability condition was the difficulty in modeling circa¬ 
dian influences, which would have necessitated postu¬ 
lating the existence of unreasonable phase resetting 
mechanisms. 

Central to the LV system’s neutral stability problem 
was that there was no inherent limit on the frequency of 
neuronal discharge and even swings to infinite frequency 
were possible. A reasonable first step in modeling was, 
thus, to add factors to the equation, which effectively 
produced realistic physiological constraints on neuronal 
firing rates. In addition, factors were added that better 
described neuronal firing characteristics at low discharge 
rates. These changes led to a model, which displayed 
limit cycle stability, and the new model will be hereafter 
described as the limit cycle model. 



12.5. The Limit Cycle Model 


531 


12.5.1. Summary of Changes from the Simple 
Lotka-Volterra Model 


REM SLEEP AS A 
BIOLOGICAL 
RHYTHM 


The limit cycle feature of the new model resulted 
from the addition of the following postulates to the simple 
LV equations: (1) Constraints on maximal neuronal firing 
rates in both REM-on (X) and REM-off (F) populations; 
further, the strength of inhibition of the REM-off popula¬ 
tion on the REM-on population is limited when the REM- 
on population activity is at low levels. (2) The term for 
growth rate of the REM-on population resulting from exci¬ 
tatory feedback is now a function of the current discharge 
rate (Xlevel), and is less for lower values of Xwhereas it 
was constant in the simple LV model. 

The other major category of change in the model was 
the addition of circadian modulation—a point not 
addressed in the original model. This feature is primarily 
of use for modeling human REM sleep (and other animals 
with a strong circadian REM modulation); it is not utilized 
in the feline version because cat circadian modulation is 
weak, especially that observed in the usual laboratory 
recording session. (Circadian REM modulation in cats is 
relatively minimal, and consists of a tendency to have more 
REM at dawn and dusk, a “crepuscular” circadian REM 
organization.) In the limit cycle model for humans, all cir¬ 
cadian sleep fluctuation is modeled by: (a) circadian varia¬ 
tion in the way the system begins oscillation, modeled by 
variation in the strength of excitatory influences on the 
REM-off (F) population at sleep onset and consequent 
alteration of the time course of decline of this popula¬ 
tion at sleep onset. This “start-up” variation accounts 
for most of the observed circadian changes in REM sleep 
percentage, (b) A small continuous circadian modulation 
(accounting for about ±5% variation in REM parameters) 
that results from changing the constant “d” in the simple 
LV equations to a sinusoidally modulated circadian vari¬ 
able, ^(circadian time phase) = d(circ). The rationale for 
each of these changes is discussed in detail in Section 12.7 
of this chapter. We also note that Chapter 13 discusses 
orexin as one of the possible circadian controlling factors 
for REM sleep. The equations for the limit cycle model, 
which incorporate these changes, are: 

X'(f) = a(X) * X* Sj(X) - b(X) * X* F (3) 

r (t) = -c* F + d(c ire) * X* F* 5^(F) (4) 

where * = multiplication. 
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X = REM-off neuronal activity; Y = REM-off neuronal 
activity. 

Si and S 2 are saturation functions constraining Xand Y 
a(X) = Xgrowth rate, smaller with smaller X 
b(X) = limitation on inhibitability of Xby Tfor low X 
values. 

d(c ire) = d (circadian time) = circadian variation in 
amplitude of d. 

The graphs and discussion of the construction of Si, 
S>» o(X), b(X), and d(c ire) are presented in Section 12.7 of 
this chapter. 


12.5.2. Modeling Events at Sleep Onset, Human 
Sleep Patterns, and Circadian Variation 

12.5.2.1. Events at the Onset of Sleep 

Neuronal recordings in cats indicate that during 
waking, the activity of the REM-off population is generally 
elevated (1 ^ Y< 2, cf. Fig. 12.5) and intracellular record¬ 
ings indicate population activity and excitability of the 
REM-on (X) population is low, with X typically < 0.2, 
although, as discussed below, subsets of REM-on neurons 
may be phasically active during waking. Thus, in the phase 
plane graph (Fig. 12.8B graphs the phase plane), the sys¬ 
tem points (X-Fvalues) cluster in the upper left hand cor¬ 
ner during waking (high Y values, low Xvalues). At sleep 
onset, there is falling Y activity and rising X activity and 
thus the graph shows a downward and rightward drift and 
eventually begins to orbit. For the feline model without 
circadian variation, this time course of decline is postu¬ 
lated to be relatively constant, with the probability of the 
system being allowed to oscillate being, in part, a function 
of whether REM deprivation had occurred previously. 
In a limit cycle system, all orbits, by definition, eventually 
converge to the limit cycle and the graph of later cycles is 
insensitive to the details of the trajectory of the initial 
transition into sleep, providing the necessary stability in 
the feline cycle. 

12.5.2.2. Modeling Human Sleep Patterns 

However, the shape of the first cycle is critically 
dependent on the precise trajectory taken at sleep onset 
and it is this variation that is important for modeling the 
human sleep pattern. Although no specific physiological 
mechanism has yet been clearly identified as maintaining 
the system in the upper left portion of the phase plane in 
waking, we suggest a simple, plausible explanation: that 



tonic excitatory input to REM-off neurons maintains 
the system at high Y values during waking, and that one 
important component of the strength of this input may 
be circadian influences arising from the hypothalamus. 
Computer simulations show that such an input suppresses 
oscillations by keeping Y high and thus X activity low. In 
the limit cycle model applied to adult human sleep, the 
circadian waxing and waning of this input is an important 
factor turning the REM sleep oscillator on and off. We add 
that we do not wish to suggest that other physiological 
mechanisms having the equivalent mathematical effect are 
ruled out, but only that this currently appears the most 
plausible postulate. 

In summary, for the human sleep model, the differ¬ 
ence in the time course of decline of Y (as controlled by 
excitation withdrawal) at sleep onset determines whether 
the limit cycle is entered from the interior (slow time 
course of decline) or from exterior (rapid time course of 
decline), and, thus, this parameter is by far the most criti¬ 
cal one for determining changes in REM sleep values, 
since it is the first REM cycle that varies the most from all 
others in human sleep. 

12.5.2.3. Circadian Variation in the REM Cycle 

The experimentally observed circadian phase sensitiv¬ 
ity of the initial sleep cycle parameters (cycle period dura¬ 
tion, REM intensity, REM latency, and REM duration) are 
simply modeled by varying the time course of withdrawal 
of excitatory influences on the Y population with circadian 
phase: withdrawal is more rapid near a temperature 
minimum and slower at a temperature maximum. 

Figure 12.8B graphically illustrates the concept of 
the limit cycle and external and internal entry points. The 
limit cycle model solutions are families of spirals that 
all converge to a common, unique final oval, termed 
the limit cycle (P L in the figure). This same limit cycle is 
approached regardless of whether the initial approach 
is exterior (P E ) or interior (P,). The critical feature of this 
human sleep model is that an interior approach (P r ) 
results from a slow decline in Y f and occurs near a temper¬ 
ature maximum (a measure of the activity of the “deep” 
circadian oscillator); this results in a quick-onset, short- 
duration, low-amplitude first REM period. An exterior 
approach (P E ) results, in contrast, from a rapid decline in 
Y and occurs near a temperature minimum; this results 
in a slow-onset, long-duration, high-amplitude first REM 
period. Section 12.7 describes other details of the system 
including the altered shape of the isoclines, I A and I B . 
Whether the approach is exterior or interior to the limit 
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Figure 12.9. Model simulation of night’s course of REM sleep in entrained normal humans. The top part 
is the Phase Plane and the bottom part the Time Domain representation of this data. In the bottom 
panel, the solid portions of the X graph show those portions of the night with REM sleep and the height 
of these peaks indicates the intensity of the REM sleep episode. Note the short-duration, lesser intensity 
first REM episode with subsequent variations being slight. The activity of the Y (REM inhibitory) popula¬ 
tion is indicated by the dotted line. In the phase plane representation in the top panel, each point on the 
graph represents the X-Y values at a particular time. The dot represents the starting point and the inte¬ 
rior curve with the arrow shows the first REM sleep episode values, with this curve being interior to the 
limit cycle values obtained in subsequent REM cycles, labeled 2, 3, 4 in the order of their occurrence (for 
simplicity, sleep cycle 5 has not been graphed in the phase plane). The smaller variations in sleep cycles 2 
through 4 are due to circadian modulation. Adapted from McCarley and Massaquoi (1986a). 


cycle depends entirely on the starting conditions and not 
on any alteration of a property of the oscillator. 

In this model, when sleep is begun at the usual point 
on the circadian temperature cycle, soon after the occur¬ 
rence of a temperature maximum, the activity trajectories 
illustrated in Fig. 12.9 for the phase plane and time 
domain are produced. This starting point produces an 
interior entry into the limit cycle and a long-latency, short- 
duration first REM period. In contrast, when sleep is 
begun near a temperature minimum, there is an exterior 
entry into the limit cycle and a short latency, long-duration 
first REM period (Fig. 12.10). 

The fit between the model and data from actual 
human sleep is good, both for percentage of REM in thirds 
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Figure 12.10. Phase Plane (top) and Time Domain (bottom) representation of model results for 
sleep begun near a temperature minimum (Circadian Phase = 4.72 radians, 270 degrees). Note that, in 
contrast to Fig. 12.8, the phase plane graph shows an entry into the limit cycle from a point exterior to the 
cycle; arrows indicate the direction of change successive phase plane trajectories for cycles 1, 2, and 3. As 
can be seen, this is associated with a shorter-latency, longer duration, and higher intensity first REM 
episode than does the interior entry that occurs near a temperature maximum (cf. Fig. 12.9, Phase 
Plane). Adapted from McCarley and Massaquoi (1986a). 
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Thirds of Total Steep Time 


Figure 12.11. Empirical data (Zulley, 1980) and Model indicate a low REM percentage in first third of the 
night and a tendency for the last third of the night to show more REM than the middle portion. Note the 
near-exact fit of model and data. Adapted from McCarley and Massaquoi (1986a). 
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Figure 12.12. (Top) Match of Model and Zulley’s data (median = open circle) for REM duration in sleep 
begun at temperature minimum (Circadian Phase = 4.72 radians) in free-run normals. Note excellent 
fit in general and, in particular, that the first to second REM episode change is the largest and the subse¬ 
quent gradual duration decrease in both model and data REM duration. (Bottom) Match of Model and 
Zulley’s data (median = circle, mean = triangle; both included because of variation in this data set) for 
REM duration in sleep begun near temperature maximum in free-run normals (Zulley labels these data 
as “late temperature minimum”). Note close approximation of model prediction, in particular: the first 
to second REM episode increase is the largest and there is a subsequent gradual duration increase in 
both model and data. Adapted from McCarley and Massaquoi (1986a). 


of the night in entrained normals (Fig. 12.11) and for a 
match between duration of successive REM episodes in 
free-run normal subjects when sleep is begun at a tempera¬ 
ture minimum or at a temperature maximum (Fig. 12.12). 

It perhaps does not need to be emphasized that much 
additional work will be needed before this model can be 
said to be solidly grounded on empirical data. Our reading 
is, however, that the currently available behavioral, phar¬ 
macological, and cellular neurophysiological data indicate 
the utility of such a model in terms of aiding conceptu¬ 
alization and for suggesting experiments. For example, 
the concept of interacting REM-on and REM-off popula¬ 
tions has been used by Sakai and also has been useful in 





[27] Sakai(1985a). 


modeling REM alterations in depression, as described 
below in Section 12.8 [27]. 
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12.6. Details of Simple Lotka-Volterra Model 

This section provides a more detailed account of the 
concepts and mathematics than presented in the earlier 
overview. 

12.6.1. Significance of the Terms in the 
Equations 

This initial formulation of the sleep cycle control 
model employed a simple system of first order nonlinear 
differential equations known as the LV system after the two 
mathematical biologists who first used it to model the 
interaction of predator and prey species. As REM-on 
neurons excite themselves via recurrent collaterals, they 
behave mathematically as an autonomous, self-replicating 
prey population. REM-off neurons, conversely, inhibit the 
growth in activity of REM-on neurons while their own activity 
dies off in the absence of REM-on input. Thus, REM-off neu¬ 
rons behave as a predatory population. The LV system is: 

X'(t) = aX- bXY Y'(t) = -cE + dXY 

where X represents the aggregate firing rate of REM- 
on neurons and Y represents the aggregate firing rate of 
REM-off neurons. 

The reciprocal interaction between the two popula¬ 
tions is characterized by the LV system. The different 
terms in the system represent the contribution of each 
type of synapse in the model (Figs. 12.5 and 12.12) to 
overall system behavior. 

First term: REM-on neurons’ response to self-excitation: 

X r (t) = aX , which alone would yield unbridled expo¬ 
nential growth: 

X(t) = e +at with growth constant a. 

Second term: REM-on neurons’ response to REM-off 
neurons’ inhibition: Y r (t) — — (bY)X> which alone 
would yield exponential decay of X activity with a rate 
dependent on Eactivity and b : 


X(t) = 
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Third term: REM-off neuronal response to self 
inhibition: Y f (t) = — cY, which alone would yield an 
exponential decay in Y activity with decay constant c : 
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Y(t) = e~ ct 

Fourth term: REM-off response to REM-on excitation: 
Y'(t) = (dX)Y, which alone would yield exponential 
growth of REM-off activity with a growth rate dX: 

Y(t) = e +w/ 


12.6.2. Phase Plane Representation 

In the phase plane representation, any stable oscilla¬ 
tion of X and Y populations is represented graphically 
as a single closed orbit that is traversed repeatedly over 
time in a counterclockwise direction. In particular, 
the simple LV solutions appear as families of simple oval 
orbits (paths) in the phase plane; Fig. 12.8A provides a 
schematic illustration of three such paths (PI, P2, P3) that 
correspond to separate solutions generated by choosing 
different initial conditions but having the same values for 
a , b, c, and d. P3 is most similar to the solution used in the 
1975 model [1]. 

Line I A in Fig. 12.8A represents the vertically oriented 
isocline, the set of loci where all paths must have zero 
slope (hashed lines). Line I B is the horizontally oriented 
isocline where all crossing paths have infinite slope. The 
isocline equations are: I A : X — c/d and I B : Y = a/b where a, 
b y c, and d are the LV parameters of equations 1 and 2. 
Since in this figure a=b=2c=2d , the isoclines are 
located at X = 1 and Y — The values c/d and a/b are 
termed the X and Y equilibrium values because they repre¬ 
sent the average X and Y values over time and represent 
the coordinates for the system center, where no oscillation 
occurs. 

Fig. 12.8B and the limit cycle system are discussed in 
detail below. For here we note that the limit cycle model 
solutions are families of spirals, which all converge to a 
common, unique final oval, termed the limit cycle (P L 
in the figure). This same limit cycle is approached regard¬ 
less of whether the initial approach is exterior (P E ) or 
interior (P T ); the presence of such a limiting oval graphi¬ 
cally demonstrates the stability of the oscillatory system. 
Whether the approach is exterior or interior to the limit 
cycle depends entirely on the starting conditions and not 
on any alteration of a property of the oscillator. 



12.7. Details of Limit Cycle Model 
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This section discusses the mathematical form and the 
rationale for the changes in the simple LV system that lead 
to the limit cycle model. We will discuss the changes in 
approximate order of occurrence in the equations. For 
convenience of reference, we here list the limit cycle 
model equations: 
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X'(t) = a(X) * x* Si(X) ~ b(X) * X* F (3) 

F'(f) = -c*F + d(circ) *X* F*^(F) (4) 


12.7.1. Use of a(X) 

a(X) = the REM-on autoexcitation growth function 
that has Xdependence and replaces the constant “a” in the 
simple LV system. This term makes the effectiveness of the 
REM-on to REM-on neuron positive feedback a function of 
REM-on activity level. In the limit cycle model, the term 
for the X population feedback is changed from the con¬ 
stant “a” in the simple LV equations into a function 
dependent on X, with a lesser growth rate at lower values 
of X This is physiologically analogous to an assumption of 
a “kindling effect” since, as the mean activity level grows 
so does the growth term, a (autoexcitability) with near 


LIMIT CYCLE MODEL 



Figure 12.13. Shape of logistic curve describing the alteration in “a” with changes in the level of activity of 
the X population. See text Section 12.7.1 for further description. Adapted from McCarley and Massaquoi 
(1986a). 
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maximal levels of a(X) being reached at the threshold for 
REM onset (see graph in Fig. 12.13). Mathematically, mak¬ 
ing V s a function of X in this manner destabilizes the 
system in the center region. In the phase plane representa¬ 
tion, it accounts for the system’s spiraling outward toward 
the limit cycle when initiated in the region interior to the 
limit cycle (Fig. 12.8B, Pj). 

The term a(X) has the form a max L(X) where L(X) is 
a logistic (sigmoid) function that slopes upward from 
zero to 1 with peak slope occurring at X = 0.5 (marked by 
circle 1 on graph in Fig. 12.13) (the equation of the logis¬ 
tic function is given below in 12.7.3). a max is taken to be 
equal to 2, such that for large X, a — a max = 2—the same 
value used in the earlier nonlimit cycle model. Note that at 
REM threshold (circle 2), a(X) is nearly at its maximum. 

This central destabilization can be heuristically 
understood as follows: as REM-on activity becomes sup¬ 
pressed by REM-off activity, it declines to low levels where 
it remains for a duration slightly longer than that of the 
standard LV equations. This further removes excitation 
from REM-off neurons and allows REM-off firing intensity 
to diminish to lower levels. This, in turn, facilitates a much 
more explosive growth of REM-on firing rate on the next 
cycle. Without this reduction in REM-on excitability at low 
levels and the consequent additional decrease in REM-off 
activity, REM-off activity would remain relatively high and 
constrain REM-on firing rate to progressively less rapid 
growth on successive cycles and ultimately oscillations 
would cease entirely. In the phase plane representation, 
this would be seen as a progressive spiral to the center of 
the phase plane to a single stable equilibrium point. Thus, 
reduction of the X (REM-on) firing rate growth term at 
low values of X is one simple mathematical postulate that 
leads to the repeated oscillations found physiologically. 

It must be acknowledged that, at present, while there 
is general evidence for increased REM-on excitability and 
rate of REM-on membrane potential change for a given 
stimulus input in REM as compared with waking [28], 
there are currently no specific empirical data indica¬ 
ting the shape of the excitability curve or suggesting the 
physiological mechanisms of excitability alteration. 


12.7.2. Limitations on Growth of Firing Rates, 

Sx(X), ^(Y) 

An unrealistic feature of the simple LV model was the 
absence of limitation on neuronal firing rates; when the sys¬ 
tem was perturbed, firing rates could become arbitrarily 
and thus unreasonably high, even infinite. In the new 


[28] I to and McCarley 
(1984). 



model, we have included constraining functions on firing 
rates of neurons; the shape of these constraining curves is 
sigmoid, in accord with data from a number of neuronal 
pools suggesting this to be the general form of frequency 

[29] Eccles (1964). limitation [29]. As discussed below, physiological data dic¬ 

tated that the REM-off population curve have a sharper cut¬ 
off than that for the REM-on population. Below, we also list 
the sample values for neuronal discharge activity for vari¬ 
ous components of the REM-on and REM-off populations; 
the values used for X and Y discharge rate activity in the 
graph ordinates are scaled, relative values since it would be 
too cumbersome to label all graphs with absolute firing 
rates for each of the subpopulations. We further note that, 
technically, the sigmoidal functions act to constrain X and 
Y levels by sharply attenuating the rate of neuronal firing 
rate growth at high firing levels of X or F, but do not 
directly impose a boundary on firing levels. 

Si(X) = sigmoidal saturation function (Fig. 12.14.), 
which slopes from 1 to 0 as X increases, thereby effectively 
constraining the growth of REM-on neurons to finite lev¬ 
els. A logistic function is used to generate this sigmoid 
curve (circle in Fig. 12.14 indicates point of maximum 
slope). The particular parameters of the X population 
curve were selected to produce a curve consistent with 
extensive data indicating the reticular population is het¬ 
erogenous with respect to both maximal firing rates and 

[30] Hobson etal (1974a); mean rates [30]. The slow rate of descent of the function 

McCarley (1980b). reflects the heterogeneity of the X population, that is, 

some reticular units are rate-limited at relatively low rates 
and others at relatively high discharge rates. It will be 
noted that we have placed the cut-off value close to maxi¬ 
mal REM discharge rate values; we have done this because 
extracellular recordings during carbachol stimulation of 
reticular areas suggest very little in the way of additional 



Figure 12.14. Shape of logistic curve indicating limitation on X population maximal firing rates; note 
a slower cut-off than for the Y population in Fig. 12.15. Adapted from McCarley and Massaquoi (1986a). 
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increase of reticular activity under these conditions of 
probable near-maximal stimulation as compared with that 
in REM sleep. With respect to the ordinate values, X activ¬ 
ity units should be thought of in terms of mean population 
discharge activity values, with each reticular group having 
a different absolute maximum, but rescaled so that the 
peak rate is 3.2 spikes/sec and, therefore, a mean rate of 
1.0 spikes/sec. For the mPRF cell-group, the example used 
in this paper, maximal values are 10.8 spikes/second 
(s/sec) in REM and minimal values as a population are 
0.231 s/sec (geometric mean values). We note that the 
dynamics of our system of equations are not greatly altered 
by changes in the details of the shape of these sigmoid 
functions. For example, making this saturation function 
begin at higher values of X simply shifts the peak of REM 
intensity more toward the start of the REM period. 

$( Y) = a sigmoidal saturation function, which slopes 
steeply from 1 to 0 as Y increases; thereby effectively 
limiting the growth of REM-off discharges to finite levels. 

A logistic function is used to generate this sigmoid. 

Fig. 12.15 indicates the point of maximum slope by a 
circle. The Y activity values in Fig. 12.15 and other figures 
in this paper represent scaled mean neuronal discharge 
rates for the entire REM-off population. For the various 
subgroups of REMoff neurons, sample values for the 
mean peak rates and, in parentheses, median peak rates 
are: LC population, 7.9 spikes/sec (3.4 s/s); DR neurons, 

3.25 s/s (2.57 s/s); and peribrachial neurons, 4.4 s/s 

(4.46 s/s) [31]. Because it would be cumbersome for [31] Data from Hobson 
each graph to indicate absolute maximal firing levels 1983a). 

for each of these populations, the ordinates of the graphs 
are relative (scaled) firing rates, and we refer to these 



Figure 12.15. Shape of logistic curve indicating limitation on ^population maximal firing rates. Adapted 
from McCarley and Massaquoi (1986a). 
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relative firing rates as “Funits.” (We originally selected the 
peak Fpopulation activity to be about 2.5 Funits such that 
the mean activity value would lie at F= 1.0 on order 
to facilitate computation of parameters.) 

Extensive extracellular data have shown that the 
firing rate of all of these REM-off populations is severely 
limited at the upper end and that each population is also 
fairly homogeneous in terms of the firing rate of its mem¬ 
bers and the upper frequency limitation. We have accord¬ 
ingly used a sigmoid curve with a rapid cut-off at the upper 
end, and a high maximum slope value of 3. 
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12.7.3, Use of b(X) and c 

b(X) = REM-on dependence on REM-off inhibitory 
input. Compared with the simple LV system, this is no 
longer a simple constant but as with the growth function 
a(X ), depends on X, the REM-on firing level. 

b(X) — b m3X * Logistic Function (X) 

where Logistic Function(X) = 1/{1 + exp[—80(X— 0.11)]} 
and & max = 2. The logistic function has a point of maxi¬ 
mum slope at X = 0.11 and is very steeply sloped so that 
at X is greater than 0.2; this function is virtually identical 
to b(X) = 2. This function provides a limitation on 
inhibitability of X by F population when X activity level 
is low, and is significantly different from the constant u b" 
in the simple LV equations only at very low levels of X 
(approximately < 0.2). Its addition prevents the Xpopula- 
tion activity level becoming zero at high and sustained 
levels of REM-off activity, as is postulated to occur during 
waking; in terms of system dynamics, this alteration was 
empirically found to be necessary to prevent degeneration 
of the system to the origin. Physiologically, this corre¬ 
sponds to a nonzero basal level of REM-on activity, which 
cannot be suppressed by REM-off inhibition; experimental 
observations confirm the presence of some reticular 
activity throughout all behavioral states. 

c = 1.0. (As in simple LV system.) 


12.7.4. Circadian Variation, rf(circ) and 
Entry into the Limit Cycle 

d(circ) = the REM-off dependence on REM-on firing 
rate is made dependent on the phase of the circadian 
temperature oscillator (“circadian time,” abbreviated 
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“circ”). Circadian variation in “d” is described by the 
following equation: 

^(circadian time) = d(circ) = d + A * sin (/ * t) +p G , 
where: 

d = average level, set at 0.975 in the simulations 
A = amplitude of the oscillations, set at 0.125 
p 0 = circadian phase in radians at start of simulation 
t = time since start of simulation 
/ = frequency of oscillation (period = 24 hr) 

The introduction of continuous circadian variation 
of the parameter “d,” which describes the sensitivity of 
the E population to activity in the X population allows: 

(1) modeling of small amounts of sleep cycle parameter 
variation that occur in concert with the temperature 
rhythm after the first sleep cycle and are especially visible 
in humans in extended sleep (e.g. circabidean days); 

(2) a more accurate modeling of the shorter latency of 
REM near sleep onset near temperature minima. Speci¬ 
fically, the amplitude of “ d ” sinusoidally covaries with 
temperature; d= 1.1 at temperature maximum and is 
0.85 at temperature minimum. 

The alterations of d(circ) over many cycles have rela¬ 
tively little effect on REM parameters other than those of 
the first REM cycle. In humans, it is the first REM cycle that 
is most strongly affected by circadian variation. 

The experimentally observed circadian phase sensitivity 
of the initial sleep cycle parameters (cycle period duration, 
REM intensity, REM latency, and REM duration) are simply 
modeled by varying the time course of withdrawal of excita¬ 
tory influences on the Y population with circadian phase: 
withdrawal is more rapid near a temperature minimum and 
slower at a temperature maximum. 

Specifically, this is modeled by having a constant rate 
of decay of excitatory input to Y but having the starting 
strength of Eexcitation at sleep onset vary sinusoidally and 
in phase with the circadian temperature oscillator [32]. 
For sleep onset at all circadian phases the rate of decay of 
Eexcitation is 0.05 units/time unit (i.e. —0.05 firing rate 
units per 10.7 min, scaled) but the higher starting ampli¬ 
tude of excitation with sleep onset at T max leads to a longer 
time course of decline in E and, therefore, to an internal 
approach to the limit cycle, resulting in a longer latency, 
shorter duration, and lesser intensity of the first REM 
period. In contrast, with sleep onset near T min , there is a 
lower starting level of E excitation that leads to a more 
rapid decline in E and, thus, to an external approach to 
the limit cycle. An earlier version of this limit cycle model 
was termed the “Karma model” to emphasize that the 
“fate” of the system during the first cycle depended on the 
way in which it was set into motion [33]. 


[32] Czeisler etal (1980); 
Akerstedt and Gillberg 
(1981); Endo etal. (1981); 
Zulley etal. (1981); 
Kronauer etal (1982). 


[33] Massaquoi and 
McCarley (1982). 
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The sleep onset starting level of the residual excita¬ 
tion was sinusoidally covaried with a maximum of 0.69 
occurring at temperature maximum and a minimum 
of 0.09 at temperature minimum. Thereafter, the rate of 
linear decay was a constant 0.05 X units/10.7 minutes 
(scaled) with a resultant longer time course of decay near 
temperature maximum and a consequent interior entry 
into the limit cycle. 

Specifically, the sleep onset level of residual excita¬ 
tion, Es, is: 
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Es = Em + A * sin[(/* t)+p Q \ 

where Em = midpoint level of residual excitation = 0.39, 
A = amplitude of variation = 0.3, 

/ = frequency of oscillation; period fixed at 24 hr, 
t = time since start of simulation = 0 at start of 
simulation, 

p 0 — circadian phase in radians at start of simulation. 

It will be noticed that this construction exactly paral¬ 
lels that for d(circ) described above. This starting level of 
residual excitation is then decreased linearly until it 
becomes zero, and then remains zero throughout the 
simulation. Thus, until the decay of residual excitation, 
equation (4) becomes: 

Y'(t) = -c* T+ d(c ire) * (X+E) * T* $ (4') 

where E = level of residual excitation, same units as X. 

In summary, we note that it is the difference in the 
time course of decline of Y (as controlled by excitation 
withdrawal) at sleep onset, which determines whether the 
limit cycle is entered from the interior (slow time course of 
decline) or from exterior (rapid time course of decline), 
and, thus, this parameter is by far the most critical one for 
determining changes in REM sleep values, since it is the 
first REM cycle that varies the most from all others. 


12.7.5. Phase Plane Representation of Entry 
into the Limit Cycle 

With this model, the trajectory into sleep cycling is 
controlled by the time course of the decline in excitatory 
input to Y y residual excitation. Slow withdrawal allows 
the system very slowly to begin a gentle oscillation that 
increases in amplitude as the limit cycle is approached. 
In the phase plane graph, this corresponds to an initial 
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trajectory that is interior to the limit cycle with a sub¬ 
sequent outward spiraling to reach the limit cycle 
(cf. Fig. 12.8B, path P T , and Fig. 12.9). In contrast, rapid 
withdrawal of excitation from Y allows the system to accel¬ 
erate into a rapid, large amplitude oscillation, which then 
decays slightly to the limit cycle amplitude; this is repre¬ 
sented in the phase plane graph as an external approach 
to the limit cycle (cf. Fig. 12.8B, path P E , and Fig. 12.10). 

It is useful to use Fig. 12.8B to summarize some of 
the dynamics of the limit cycle system. The equations 
governing the limit cycle isoclines are: 

I A , X = c/[S 2 (Y)d( circ)] and I B , Y= a(X) S { (X) / b{X) 

with the terms as in equations 3 and 4. These isoclines are 
clearly “bent” compared with those of the simple LV sys¬ 
tem in Fig. 12.8A. Since all solution paths must have zero 
slope at the point of crossing I A , it can be seen heuristically 
that if I A is bent clockwise against the sense of path rota¬ 
tion, then solution paths are “forced” to curve earlier and 
more tightly than in the standard system. Therefore, solu¬ 
tions spiral inward toward the limit cycle. At larger radii 
from the center (>0.75 units), I B produces the same con¬ 
straining effect by being similarly bent against the direc¬ 
tion of solution rotation. At smaller radii, however, I B is 
bent counterclockwise and in the same direction as that of 
solution rotation. In this case, solution paths near the cen¬ 
ter bend later and less tightly than in the standard 
system. Thus, solution paths tend to spiral outward on 
each revolution when initiated interior to the limit cycle. 
This counterclockwise bending of I B at small radii is the 
graphical reflection of depressed REM-on autoexcitation 
at low firing rates—a property we propose is fundamental 
to the presence of limit cycle behavior of the system. There 
are two further technical points. First, the position of 
I A is shown for d(circ) = 1; however since d varies with 
circadian phase between 0.85 and 1.1, the position of 
I A will vary also with circadian phase by ±0.125 abscissa 
units. The second point has to do with the different 
vertical scale factors of 12.8A and B; these do not affect 
system behavior or the final values of subsequently scaled 
neuronal discharge rates [34]. 


12.8. Sleep Abnormalities in Depression and 
Quantitative Modeling 

We here discuss those neurobiological control mecha¬ 
nisms likely important for both sleep and depression, and 


[34] This point is 
discussed in detail in 
McCarley and Massaquoi 
(1986a). 



thought to have important brainstem components. No 
attempt to cover the entire neurobiology of major mood 
disorders will be made; this is an overly large topic for 
this book. However, the overlap between the mood dis¬ 
orders and sleep disorders is considerable and quite 
important, since about 90% of patients with major endoge¬ 
nous depressive disorders show some electrographic sleep 
[35] Kupfer (1982); abnormality [35], These abnormalities may be grouped 

Reynolds(1989). 
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Figure 12.16. Schematic of EEG measures in the first sleep cycle of normal and depressive subjects (top) 
and of the postulated underlying neuronal activity (bottom) according to the aminergic-cholinergic 
interaction model. Top panel. EEG measures show patients with endogenous depression have, in the first 
sleep cycle, a decreased REM sleep latency and increased frequency of rapid eye movements (REM 
density) within the REM phase of sleep as compared with normals. Depressives also tend to have a slightly 
longer duration of the first REM period than normals (not illustrated in this schematic). Bottom. 
The sketch of the hypothesized corresponding neuronal activity over the sleep cycle in normal subjects 
shows that REM sleep occurs when cholinergic and REM-promoting (REM-on) neuronal activity 
becomes dominant with the gradual offset of aminergic (noradrenergic, adrenergic, and serotonergic) 
inhibition. The hypothesized weakened aminergic inhibition in depression produces a quicker release 
from inhibition of the cholinergic, REM-promoting neurons and a consequently quicker onset of REM 
(decreased REM latency) and an increased intensity of the REM sleep episode (increased REM density). 
To be compared with quantitative simulation of Fig. 12.17. From McCarley (1982). 
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into three categories: 

1. REM sleep abnormalities . (a) shortened “REM latency, ” 
a shortened interval between sleep onset and the begin¬ 
ning of the first REM sleep period; (b) increased “REM 
density * in the first REM sleep episode , an increased number 
of rapid eye movements per unit time; and (c) a tendency 
to increased duration of the first REM sleep episode (Fig. 12.16 
top, schematizes these abnormalities). REM density and 
REM sleep duration may also be increased in other early 
night REM sleep episodes in addition to the first. A num¬ 
ber of studies suggest that these abnormalities persist 
beyond the stage of clinical recovery from the depressive 
episode [36]. 

2. Synchronized sleep abnormalities. Delta sleep reduction. 
There is a reduction in stage 3 and 4 sleep, often called 
delta sleep. This reduction is especially marked in the first 
non-REM sleep episode (e.g., the interval between sleep 
onset and the first REM episode)—a time when delta sleep 
ordinarily is at a maximum. Initial analyses also indicate a 
reduction in power in the delta bandwidth on frequency 
analysis (0.5-3.0 Hz) [37]. 

3. Sleep continuity disturbances . These include difficulty 
in falling asleep, early morning awakenings, and increased 
nocturnal awakenings, and appear to be the least specific 
for depression [38]. 

Three major theories have been advanced to account 
for the observed links between sleep state disturbances 
and mood state disturbances: 

1. Monoaminergic-cholinergic alterations . McCarley has 
proposed commonality of monoamine and cholinergic 
biological control systems to explain covarying aspects of 
REM sleep and mood control [39]. This thesis grew out of 
the cholinergic-monoaminergic reciprocal interaction 
model of sleep cycle control, and posits at least partial 
parallelism with the mood regulation system, in terms 
of disturbances of monoaminergic control, cholinergic 
control, and of cholinergic-adrenergic balance [40]. 

2. Deficient Process S. Borbely, Daan, Beersma, and 
coworkers have proposed a two process model of control of 
the synchronized phase of sleep [41]. Process C (for circa¬ 
dian) regulates the circadian variation in sleep propensity 
while Process S is the momentary physiological need for 
sleep that is dependent on the prior history of sleep and 
wakefulness, and is measured by the power spectral density 
in the delta bandwidth. “Factor S” builds up in wakefulness 
and declines during sleep. A deficiency in Factor S is postu¬ 
lated for depressives, who are hypothesized not to produce 


[36] For more details see 
Gresham etal (1965); 
Hartmann (1968); Kupfer 
and Foster (1972); Coble 
et al (1976); Foster et al 
(1976); McPartland etal. 
(1979). 


[37] See Borbely et al. 
(1984); Kupfer et al 
(1984). 


[38] See reviews in Kupfer 
(1982); Gillin etal. (1988). 


[39] McCarley (1980a); 
McCarley (1982). 

[40] For monoaminergic 
control see Schildkraut and 
Kety (1967); for choliner¬ 
gic control see Gillin et al. 
(1982, 1988); for choliner¬ 
gic-adrenergic balance see 
Janowsky et al (1972). 

[41] Borbely (1982); 

Daan et al (1984); 

Beersma et al (1987). 
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[42] Borbely and Wirz- 
Justice (1982). 


[43] Kripke et al (1978); 
Wehr et al (1979). 


[44] See, for example, 
discussion and data in 
Moreno et al (2002). 


sufficient Factor S to cause deep delta sleep at sleep onset 
[42]. The postulated inhibition of REM sleep by Factor S 
(indexed by delta sleep) means that reduced Factor S (and 
consequently reduced delta sleep) has, as a consequence, 
a quicker onset first REM sleep period (shortened REM 
latency). Finally, it is postulated that the deficiency in 
Factor S causes the shortening of sleep duration found in 
depressives. 

3. Phase-advance theories of sleep disturbance in depression. 
This chapter has earlier described how the latency to the 
first REM sleep episode and the intensity and duration of 
REM sleep episodes is under control of a circadian oscilla¬ 
tor that also controls the temperature cycle and endocrine 
rhythms, such as cortisol. The phase advance theory of 
depression simply states that the abnormalities of sleep 
and mood in depressives are a function of a phase advance 
in the circadian oscillator controlling both temperature 
and REM sleep propensity relative to the phase of the 
rest-activity circadian rhythm. Thus, it is postulated, the 
observed pattern of REM sleep in depressives at sleep 
onset is like that seen near the temperature nadir of 
normals, which in entrained subjects occurs at about 
4 a.m. [43]. This out of phase relationship of the tempera- 
ture-REM sleep oscillator and the oscillator controlling 
the rest-activity cycle is postulated to lead to a mood 
disturbance. 

Before reviewing the theories and relevant data, it is 
first important to emphasize that the separation of these 
theories has been done for didactic purposes and that, 
in fact, they are not mutually incompatible. For example, 
it is entirely possible that there is disturbance in both 
Process S (synchronized sleep) and in cholinergic- 
adrenergic balance (controlling REM sleep). The other 
key point to be made is that the factors controlling circa¬ 
dian rhythms, REM sleep, and non-REM sleep interact, 
and, in fact, our review of the theories and data will 
emphasize interactions. 

The reader should note that, in spite of limitations in a 
simple monoamine deficiency theory of depression, more 
recent data still convincingly point to the involvement of 
monoamine systems, albeit at a more sophisticated level of 
understanding. For example, there is now emerging evi¬ 
dence that the individuals with variations in the alleles of 
the serotonin transporter promotor show differing vulner¬ 
ability to depression, to antidepressant treatment, and to 
tryptophan depletion [44]. There is less work on the rela¬ 
tionship to sleep in depression. Benedetti et al reported 
that bipolar depressed patients, who were homozygotic for 
the long variant, showed a better mood amelioration after 
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total sleep deprivation than patients who were heterozy- 
gotic and those who were homozygotic for the short variant, 
although they did not look at sleep stage-specific responses 
[45]. They did note that the effect was similar to that 
observed in patients treated with serotonin-specific reuptake 
inhibitors used as antidepresssants. Nonetheless, the rela¬ 
tionship between abnormalities at the single gene level and 
depression remains complex, since, for example, psychiatric 
conditions such as anxiety disorders also share in the trans¬ 
porter promotor polymorphism [46]. Duman and 
colleagues suggest that, rather than simple neurotransmitter 
concentration alterations, intracellular signaling systems 
may be disturbed [47], which may have important conse¬ 
quences in production of growth factors, such as brain- 
derived neurotrophic factor, which may, in turn, influence 
function and survival of neurons. Newport et al have 
reviewed data more direcdy related to norepinephrine, 
reporting that animal studies consistendy indicate dis¬ 
rupted parenting produces offspring behaviors reminis¬ 
cent of the cardinal features of mood disorders; at a 
biochemical level, disrupted parenting uniformly produces 
persistent hyperresponsivity in hypothalamic-pituitary- 
adrenal axis activity secondary to hypersecretion of corti¬ 
cotropin-releasing factor (CRF), which, among other 
actions excites LC noradrenergic neurons [48]. This 
chronic overstimulation may, in turn, eventually lead to 
lower concentrations or less receptor effectiveness of NE. 
We note that, despite this more sophisticated and deeper 
level of understanding, it remains true that the monoamine 
and cholinergic systems, even if downstream from the main 
causative factors in depression, remain a vital point of inter¬ 
section between mood disorders and sleep abnormalities. 
The following review thus focuses on these systems. 


12.8.1 * Monoaminergic-Cholinergic Factors in 
Mood Disorders and Associated Sleep 
Abnormalities 

12*8*1.1. Monoamines 

The monoamine theory of depression proposes that a 
deficiency in monoamine activity (NE and/or serotonin 
systems) is responsible for the occurrence of some or all of 
the major types of depression [49]. Almost all varieties of 
clinically effective tricyclic antidepressants, including those 
atypical ones not associated with acute blocking of 
monoamine reuptake such as iprindole, have been reported 
to change NE and serotonin receptor binding [50]. Long 


[45] Benedetti et al 
(1999). 


[46] See review and data 
in Mann (1999); Mann 
etal (2000). 

[47] Duman etal (1997). 


[48] Newport etal (2002). 


[49] Schiidkraut and Kety 
(1967); Maas (1975). 


[50] Peroutka and Snyder 
(1980); Wolfe et al (1978). 
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Aghajanian (1978); 
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[52] Blierand 
DeMontigny (1983). 


[53] Cortes et al (1988). 


[54] Kupfer et al (1981b). 


[55] See review by Vogel 
(1989). 

[56] Vogel et al (1980). 


[57] Mogilnicka et al 
(1980). 


term administration of these agents decrease beta adrener¬ 
gic and serotonin-2 (high affinity to [H 3 ]-spiroperidol) 
receptors. Neuronal recordings indicate that long term 
administration of tricyclic antidepressants, including the 
atypical ones, act on monoamine systems by increasing 
responsiveness to iontophoretically applied monoamines 
[51]. A study by Blier and DeMontigny has provided some 
insight into the mechanism of antidepressant action at 
the neuronal level [52]; after 2 weeks of antidepressant 
administration, serotonergic transmission in the rat dorsal 
raphe-hippocampal pathway was potentiated. The initial 
effect of antidepressants was to cause reduced dorsal 
raphe firing because of depolarization blockade, with this 
effect vanishing over 2 weeks; it is of note that a similar lag 
period is present before tricyclics become clinically effec¬ 
tive in improving human depressive symptoms. Cortes 
and coworkers have recently examined the binding sites 
in human brain of both a tricyclic antidepressant, [H 3 ]- 
imipramine, and a nontricyclic antidepressant, [H 3 ]- 
paroxetine—a more specific and potent serotonin uptake 
inhibitor [53]. These antidepressant binding sites paral¬ 
leled the serotonin system, with highest values in the 
midbrain raphe nuclei and ascending projections. Also of 
interest in view of the augmentation of REM sleep 
phenomena in depression and their suppression by anti¬ 
depressants was the finding of fairly dense labeling in 
brainstem zones related to PGO waves and eye movements 
(Chapter 10), namely in the nucleus reticularis tegmenti 
pontis and gigantocellular portions of reticular formation 
(cf. Figs 6 and 7 in [53]). 

The implication of monoamine systems in both the 
regulation of mood (the monoamine theory) and in REM 
sleep (the reciprocal interaction theory) suggest the possi¬ 
bility of a link between these two systems through the 
monoamines. Kupfer and coworkers have shown that one 
of the first indications of effectiveness of the tricyclic 
action on depression is the abolition of the abnormally 
short latency of the first REM period [54]. In fact, 
almost all clinically effective antidepressants (tricyclics, 
monoamine oxidase inhibitors, and others) markedly sup¬ 
press REM sleep, and induce a characteristic REM sleep 
rebound on their discontinuance [55]. Further support¬ 
ing the link between control mechanisms of REM sleep 
and depression is a study by Vogel and coworkers [56]; 
REM sleep deprivation, known to increase monoamine 
neuronal discharge activity in animals, acts to improve 
depression, and with about the same efficacy as tricyclic 
antidepressants. REM sleep deprivation has also been 
shown to decrease rat cortical high affinity binding sites 
for the antidepressant imipramine [57], with the likely 
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mediating event being the deprivation-induced increased 
firings of monoamine neurons. This monoamine com¬ 
monality of mood and REM control systems forms 
one basis of the model of REM sleep abnormalities in 
depression. 

12.8.1.2. Cholinergic Abnormalities and the 
Sleep of Depressives 

In addition to the monoamine abnormalities in 
depression, Gillin, Sitaram, and coworkers have found that 
increased sensitivity to acetylcholine agonist induction of 
REM sleep appears to be a hallmark of many patients 
subject to endogenous depression [58]. These patients 
may have a primary cholinergic abnormality. The shorter 
REM latencies in rats with increased number of muscarinic 
receptors (Flenders Sensitive Line [59]) suggest the possi¬ 
bility of cholinergic causation of this event, although these 
animals also had an increased percentage of REM sleep— 
a finding not present in depressives [60]. Another possi¬ 
bility given the monoaminergic-cholinergic duality of 
control is that the monamine deficiency is responsible for 
the enhanced effectiveness of cholinergic agonists in 
inducing REM sleep. In general, it appears likely that vari¬ 
ous kinds of depression involve more than one causative 
factor and that both acetylcholine and/or monoamine 
abnormalities (in addition to other factors) could be pres¬ 
ent. The evidence on parallelism of monoaminergic and 
cholinergic features in depression and REM sleep control 
has been summarized [39]. Overall, the evidence appears 
stronger for a monoamine role in depression and for more 
parallelism between monoamine controls in depression 
and sleep than for cholinergic systems. Fig. 12.16, bottom 
panel, is a qualitative sketch of how lessened monoaminer¬ 
gic inhibition might lead to short latency, higher intensity 
first REM sleep episode in depressives. 

The availability of quantitative predictions about the 
effects of monoaminergic and cholinergic factors may be 
of use in specifying subtypes of depression and in classifying 
other pathological syndromes with REM abnormalities, 
and will be discussed in the next section, as will the “phase 
advance” theories of REM sleep alterations in depression. 


12.8.2. Quantitative Modeling of the REM Sleep 
Abnormalities in Depression 

This section addresses the quantitative modeling of 
REM sleep abnormalities in depression—a procedure that 


[58] Gillin et al. (1982, 

1988); Sitaram et al (1982). 
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[61] For daytime see 
Kupfer et ai (1981a); for 
nighttime see Schulz and 
Tetzlaff (1982). 


[62] McCarleyand 
Massaquoi (1986a, b). 


furnishes more precise predictions and tests than do 
simple qualitative assertions. This modeling uses aspects of 
the limit cycle reciprocal interaction model of sleep cycle 
control presented above. The first and most elementary 
question is whether a simple phase advance, as modeled by 
the limit cycle model, could account for the REM sleep 
abnormalities. Figure 12.10 shows that, for sleep begun at 
temperature minimum, there is indeed a more intense, 
longer duration REM sleep episode that has a shorter 
REM latency than with sleep begun near temperature 
maximum, as shown in Fig. 12.9. 

However, the REM latency shortening to about 
45 min is not sufficient to mimic that seen in depressives, 
although it does match quite well the empirical findings of 
REM sleep changes in normals with sleep begun at different 
points on the circadian oscillator. The match to empirical 
circadian phase data is important, since the failure to 
mimic could represent a problem with the limit cycle 
model and not the phase advance theory. Additional 
evidence against the simple phase advance hypothesis 
comes from the fact that depressives also show short REM 
latencies compared with normals when they nap in the 
daytime and when they are awakened later in the night 
[61]; the phase advance theory would predict a longer 
duration REM latency during at least some point of the 
circadian cycle. Thus, both the limit cycle model and 
empirical data suggest that simple phase change could not 
explain the REM sleep abnormalities in depression. 

Nonetheless, examination of the latency, intensity, 
and duration of the first REM sleep episode when sleep is 
begun near a circadian temperature minimum (T min ) in 
free-running normal subjects (Fig. 12.10) is instructive for 
suggesting the kind of changes that might occur in depres¬ 
sion. In the limit cycle model, at T min there is a more rapid 
decline of the REM-suppressive monoamine (F) popula¬ 
tion activity; this leads to entry into the limit cycle from the 
outside and hence produces a shorter latency, larger 
amplitude, and longer duration REM episode than at 
points nearer circadian T max . 

These results suggest that the REM sleep abnormalities 
in depressives might be quite simply and realistically mod¬ 
eled by alterations in the monoamine population activity 
at sleep onset (although these would need to be more 
pronounced that those seen with circadian modulation). 
A lessened monamine influence is also compatible with 
evidence (cited above) on monoamine alterations in 
depressives and the normalization of REM sleep abnor¬ 
malities by antidepressants. Thus, both an initial qualitative 
approach [39] (see Fig. 12.16) and subsequent quantita¬ 
tive modeling [31, 62] have worked on the postulate that 
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Figure 12.17. Quantitative simulation of REM activity of depressives by the reciprocal interaction-limit 
cycle model. Time Domain (bottom) representation of REM-on neuronal activity is to be compared with 
Fig. 13.3; as in the figures of Chapter 12, X represents REM-on neuronal activity, and the darkened 
portions of the time domain graph represent REM sleep episodes, and Y represents REM-off neuronal 
activity. The main point of this figure is that use of a lower value of K illitia i than for the entrained normal 
simulation leads to a first REM episode with a shortened latency (here about 35 min), increased intensity, 
and longer duration compared with that of the normal first REM episode (Fig. 12.9). The phase plane 
representation (top) shows that entry into the limit cycle is external; legends and interpretation are 
as in Figs 12.9 and 12.10. In this particular simulation, the circadian phase used was T min , but the same 
alterations in the first REM period were present when T max was used as a circadian phase. Comparison 
with a simulation at T min and normal 1- (Fig. 12.10) shows further that a lower Y\ is required to achieve 
a shortened REM latency in the range of depressives. Circadian phase is as in Fig. 12.10 (temperature 
minimum, 4.72 radians) and K inilia i is 0.25 vs the 0.35 for all simulations of normal REM in Chapter 12. 
See also description in text. From McCarley and Massaquoi (1986a). 


the level of monoamine population activity at sleep onset 
is less in depressives than in normals. 

For simplicity, the level of monoamine population 
activity at sleep onset will be described as initial = Yr 
Setting the value of Fj at 0.25 units, compared with a 
normal value of 0.35 produces a first REM sleep latency of 
35 min, as shown in Fig. 12.17. This shortened REM sleep 
latency is almost exactly in accord with the mean values for 
depressives in the literature and also has the desirable 
feature of being less than most extreme values for the first 
REM sleep latency in normals as tabulated by Schulz et al 

[63]. Figure 12.17 further indicates that alteration of FJ is [63] Schulz et al (1984). 
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not only able to mimic the shortened REM sleep latency 
characteristic of depressives but also produces a first REM 
sleep episode with a heightened amplitude (= heightened 
REM sleep intensity) and duration, also characteristics of 
the first REM sleep episode of depressives. It is to be 
emphasized that the critical feature of the limit cycle 
model that produces a short latency REM sleep episode is 
the rapid decline of the Y (monamine) population activity. 
This change in Y { is able to produce short REM sleep laten¬ 
cies regardless of whether the simulation is begun at times 
near circadian T min (as in the illustration in Fig. 12.17) or 
near circadian T max . In both cases, subsequent REM sleep 
cycles tend to converge to the limit cycle, preserving a 
realistic replica of sleep patterning after the initial short 
latency REM sleep episode; this important feature of the 
limit cycle model was not present with the earlier simple 
LV model [1], 


REM SLEEP AS A 
BIOLOGICAL 
RHYTHM 


12.8.2. 1. Modeling the Bimodal Distribution of REM 
Sleep Latencies in Depression 

The REM sleep latency histogram from patients in at 
least some types of depression has been reported to show a 
“bimodal distribution”; there is one peak at near sleep- 
onset REM sleep latency and another peak at much longer 
latencies, with relatively few REM sleep episodes in the 
[64] Schulz etai (1979). intermediate zone [64]. The limit cycle model simulations 
have suggested a possible mechanism for this phenome¬ 
non. In the limit cycle model [62], Y (monoamine popula¬ 
tion activity) values less than approximately 0.3 were 
progressively less able to “hold” the X (REM-on) popula¬ 
tion at low values, that is, 0.2 or less. If the Y values 
dropped below this critical zone of about 0.3 in the 
presleep period, there was a progressively increasing 
tendency for an “escape” and a gradual increase of the X 
(REM-on) population toward a higher value prior to onset 
of stage 2 sleep, which is conventionally used to define 
“sleep onset,” and, as such, begins the graph of depressives 
in Fig. 12.18 and those of normals. (“Presleep,” as prestage 
2, thus includes stage 1; REM sleep latency is measured as 
the time from stage 2 onset to REM sleep onset. It will be 
noted that this model assumes that the initial non-REM 
sleep abnormalities of depression [lessened initial delta 
sleep] are reflections of the REM sleep abnormalities.) 
This “passive” model of non-REM sleep seems plausible, 
as discussed in Chapter 11, but the more “active” 
non-REM systems described in the next chapter may very 
well play a role, although there is currently no clear 
evidence for this. 
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Figure 12.18. Reciprocal interaction limit cycle model simulation of bimodal REM latency distribution 
for depressives. Pre-sleep variation in the value of the monoamine population activity (E*, abscissa) is 
nonlinearly related to REM latency (ordinate), producing a bimodal distribution of REM latencies, 
due to the nonlinear, sigmoid nature of the function relating them (illustrated sigmoid function). For 
simplicity of computation it is assumed that the probability of a given Y* is uniformly distributed in the 
range 0.05-0.65. The resulting map of this probability distribution onto the probability distribution of 
REM latencies is highly nonlinear. Note that 50% of the E* range from 0.35 to 0.65 but that this range 
maps into a much smaller latency range, 43-56 min or 23% of latency range, producing a peak at longer 
REM latencies. There is a second strongly nonlinear region at the lower end where 25% of E* values map 
into a latency range of 0-11 min (20%), producing a peak at the lower range of REM latencies. In con¬ 
trast, 25% of the E* values map into a large middle value REM latency range, 11-43 min (57% of entire 
range). Thus, a pre-sleep stage 2 increase in X values secondary to low E* values produces a bimodal 
REM latency distribution. In this series of simulations, E* was held constant for 30 min prior to stage 2 
onset (stage 2 onset = sleep onset); in all cases, other parameters including circadian phase were held 
constant at the values used in Fig. 12. 17. From McCarley and Massaquoi (1986a). 


This “escape” of the X (REM-on) population activity 
because of the lowered F (monoamine) population 
activity hastened the onset of the first REM sleep episode. 

Simulations showed the degree of shortening of REM 
sleep latency as Y values became less dependent on the 
prestage 2 values of F, which were termed F*. The shape 
of the function relating REM sleep latency and the level 
of F* (presleep F) was highly nonlinear, resulting in a 
bimodal distribution of REM sleep latencies, as illustrated 
in Fig. 12.18, whose legend should be consulted for a 
more detailed description of the simulation. The very 
short REM sleep latencies reflect the “escape” of the X 
population. 

It is evident that the exact form of the REM sleep 
latency distribution is contingent on the level and rate of 
change of Fpresleep, as well as the probability distribution 
assumed for F*, but McCarley and Massaquoi noted that 
the production of a bimodal REM sleep latency distribu¬ 
tion occurs under a wide variety of assumptions about the [gg] McCarley and 

form of F* density and the rapidity of F* decline [65] . Massaquoi (1986a). 
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12.8.2.2. Earlier Quantitative Models of REM Sleep 
Latency in Depression 

All of the previous work has been based on the simple 
LV model of McCarley and Hobson (equations 1 and 2 of 
the previous chapter) [1]. Vogel et at used cycle-to-cycle 
alterations of the connectivity constants “a” and “c” with¬ 
out explicit use of the Y population values at sleep onset 
[56]. McCarley suggested that alterations in the Y inidal value 
might mimic the findings in depression and Massaquoi 
and McCarley provided quantitative evidence for this in 
the context of presenting the initial version of the limit 
cycle model [66, 33]. 

Beersma and colleagues were the first to realize the 
value of a stochastic model of Y initial values and used this 
model to generate a bimodal REM sleep latency histogram 
with the simple LV equations [67]. With respect to the use 
of Y initial alteration to model the sleep of depressives, both 
the papers of Beersma et at and Massequoi and McCarley 
emphasized that use of a single parameter change ( Y) was 
to be preferred to the more elaborate suppositions about 
system changes used in the Vogel et at work [56]. 

However, the neutral stability of the simple LV model 
used by Beersma et at meant that altering initial conditions 
created persisting alterations and consequently did not 
reproduce the actual data of the REM sleep cycles: (1) In 
the simple LV equations with parameters used by Beersma 
et al ., lowering Yi does shorten the REM sleep latency but 
unfortunately also produces a first REM sleep episode with 
a less than normal intensity, not in agreement with the 
higher intensity found in empirical studies of depression. 
(2) Because of the neutral stability feature of the simple LV 
equations, creating a short latency first REM sleep episode 
also creates distortions of later REM/nonREM sleep cycles 
and the REM/nonREM sleep values obtained by the LV 
simulation do not match those observed in empirical stud¬ 
ies. Thus, use of the limit cycle model appears to offer 
marked improvements over the simple LV model. 

12.8.2.3. Modeling the Cholinergically Induced 
Hastened Onset of REM Sleep 

The ability of cholinergic agonists to hasten the onset 
of a REM sleep episode has been mimicked by the limit 
cycle model (Fig. 12.19), which has also produced a 
prediction of the normal phase response curve to cholin¬ 
ergic agonists (Fig. 12.20). Patients with predisposition to 
affective disorder not only should have a single time point 
abnormality in their response to acetylcholine agonist but 
also should show an abnormal phase response curve to 
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Time (minutes) 


Figure 12.19. Examples of modeling of REM latency shortening by experimental application of an acetyl¬ 
cholinesterase inhibitor. In the reciprocal interaction limit cycle model, the parameter is increased 
for the same duration in A and B but the phase advance of REM (shaded area) is greater for application 
at the time in B. The curves model REM-on neuronal activity with REM onset defined as the point of 
crossing a threshold (horizontal line). In the model, “a” is the term indicating the strength of positive 
feedback in the excitatory, REM-on population and thus the strength of cholinergic activity. As a first 
approximation to the experimental conditions, simulations doubled the strength of “a” (cholinergic 
feedback) for 10.7 min (step function). These values produced clear-cut effects but did not severely 
distort the time curves, and produced a phase advance of the REM episode of roughly the same order of 
magnitude as the single time point experiments of Sitaram and Gillin [58]. These differential phase 
response effects can be understood as REM being much easier to induce when the X population is on the 
rising rather than in the falling phase of the sleep cycle. This has to do with both an ease of moving the 
X population into an exponential growth phase and also the absence of Y inhibition later in the cycle. 
From McCarleyand Massaquoi (1986a). 






Time of Vt Relative to REM 2 End (minutes) 


Figure 12.20. Predicted REM latency phase response curve to cholinergic agonists, reciprocal interaction 
limit cycle model. Each point on the curve was constructed by a simulation like the two described in 
Fig. 12.19, with “a” increased for the same 10.7 min duration but with different times of onset. Onset 
times of “a” increase are relative to the end of the REM period at the start of the graph, the second REM 
episode of the night. Negative times indicate the time before the normal (unperturbed) end of this REM 
sleep episode. Note that there is a time zone just at the end of the previous REM sleep episode when 
increasing “a” prolongs the latency of the subsequent REM episode. This is due to an increase in the 
duration of the second REM episode. The phase of the response then changes rapidly; a shortening of 
the REM latency of the order of 10% occurs on administrations starting after the end of the second REM 
episode; an increase to maximal effect (17% latency reduction) occurs with administrations about 
25—50 min after the end of the second REM sleep episode. Following this, there is relatively less effect, 
due to the fact that the third REM sleep episode normally occurs very soon thereafter, and thus there is 
very little room left for shortening. This phase response curve is both a useful test of the predictions of 
the model in normals and also draws attention to the prediction that cholinergic system abnormalities in 
depressives should be marked by phase response abnormalities as well as single time point abnormalities. 
From McCarley and Massaquoi (1986a). 
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cholinergic agonists administered at various points in the 
sleep-wake cycle. 


12.8.2.4. Circadian Rhythms in Depression: Decreased 
Amplitude Instead of a Phase Advance? 


[68] Schulz and Lund 
(1983, 1985). 

[69] Czeisler et al. (1987). 


Although empirical studies cited above have failed to 
provide strong empirical support for a theory of phase 
advance in depression, work has suggested that the ampli¬ 
tude of circadian rhythms may be reduced in endogenous 
depression [68]; Czeisler and coworkers have suggested 
this may also hold for seasonal affective disorder [69]. It 
may be useful to point out that a reduced amplitude of 
circadian rhythms would be highly compatible with the 
model just presented, since there would be a low level of 
monoamine activity at sleep onset, with a consequent 
production of the abnormalities of the first REM 
sleep episode. 
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12.8.3. Deficient Process S and Sleep 
Abnormalities in Depression 

12.8.3.1. REM Sleep 

Borbely and Wirz-Justice, modifying the reciprocal 
interaction model of McCarley and Hobson, have suggested 
that there may be a reciprocal interaction between the 
processes inducing REM sleep and the processes inducing 
non-REM sleep [42, 1 ]. Indeed data discussed in the next 
chapter suggests the possibility of this interaction. 
However, the presence of the REM cycle in the pontine cat 
indicates the sufficiency of brainstem mechanisms for 
normal cycling. Although the possibility remains that an 
abnormality in one of the forebrain systems discussed 
in the next chapter could influence REM sleep, there is 
currently no strong empirical data for this effect. 


12.8.3.2. Non-REM Sleep 

The hypothesis of deficient Process S has stimulated 
considerable research and remains as a possible explana¬ 
tion of the disturbed synchronized sleep in depression. 
Reynolds et al , using automated scoring of delta waves, 
have confirmed decreased delta wave activity prior to the 
first REM sleep episode in depressives as compared with 
normals [70]. However, whether this delta deficiency is 
responsible for the short REM latency has been ques¬ 
tioned. Schulz and Lund found no intrapatient correla¬ 
tion between very short REM latencies and the amount of 
stage 3 and 4 sleep [71], contrary to the deficient “Process 
S” hypothesis, which would predict a covariation of REM 
latency and amount of delta sleep. Also not supporting the 
deficient Process S-short REM latency hypothesis was a 
study by Van den Hoofdakker and Beersma [72]; the accu¬ 
mulation curves of delta sleep in depressives with very 
short and longer REM latencies were similar, in contrast to 
this theory’s prediction of a covariation of REM latency 
and accumulation of delta sleep. These workers concluded 
that best explanatory model for the short REM latencies of 
depression abnormalities was the mathematical reciprocal 
interaction model [1]. Beersma and colleagues have also 
suggested that postulating a deficiency in Process S is not 
necessary to account for shortening and interruption of 
sleep in depressives [73]; by superimposing random noise 
on the circadian rhythm, they were able to simulate both 
the shortening and decreased continuity of sleep in 
depressives. 


[70] Reynolds et al (1985). 


[71 ] Schulz and Lund 
(1985). 


[72] Van den Hoofdakker 
and Beersma (1985). 


[73] Beersma et al (1985). 
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The Role of Active Forebrain 
and Humoral Systems in 
Sleep Control 


In Chapter 9 we developed the theme of thalamocortical 
influences on sleep, putting forward the thesis that 
the synchronizing phenomena in thalamocortical systems 
depend, at least in great part, on the removal of brainstem 
influences. This present chapter takes up new data on 
active forebrain and humoral systems which influence 
sleep. Because some of these systems also act on brainstem 
mechanisms controlling REM sleep we have placed this 
chapter following the discussion of REM sleep control. 

We first discuss humoral factors, with an emphasis on 
adenosine (AD) and its role in the induction of sleep, and 
then take up the ventrolateral preoptic (VLPO) system 
and its role in control of the duration of non-REM sleep. 
We conclude with a discussion of the orexin system and its 
role in REM sleep control and narcolepsy. This chapter 
draws upon reviews of these topics by McCarley and 
[1] Strecker et al (2000) ; coworkers [1]. 

McCarley (2002); Basheer To provide background for our discussion of sleepi- 

et al. (2004). ness, it is useful here to summarize briefly the role of 

circadian and homoeostatic factors. 

1. Circadian factors in sleepiness. In adult humans, 
the period of maximal sleepiness occurs at the time of the 
circadian low point of the temperature rhythm; as dis¬ 
cussed in Chapter 12, the circadian rhythm of man can be 
thought of as a sine wave function with a minimum that 
occurs between 4:00-7:00 a.m. in subjects with a normal 
daytime activity schedule. It is no accident that accidents 
are most frequent at the time near circadian temperature 
minima, since this is the time of maximal sleepiness. 
Per vehicle mile, the risk for truck accidents is greatest 
at this time and the nuclear reactor incidents at both 
Chernobyl and Three Mile Island also occurred in the early 
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morning hours. There is a secondary peak of sleepiness 
that occurs about 3 p.m., corresponding to a favored time 
for naps. Human newborns do not have a strong circadian 
modulation of sleep, and, as discussed in Chapter 11, 
some species, such as the cat, do not have much circadian 
modulation even as adults. 

2. The second factor determining sleepiness is the extent of 
prior wakefulness. Mathematical models of sleep propensity 
have been developed by Kronauer and coworkers [2], who 
emphasize circadian control and by Borbely [3], who 
emphasize the extent of prior wakefulness. Borbely and 
coworkers’ model postulates that the intensity and ampli¬ 
tude of delta wave activity (as measured by power spectral 
analysis) indexes the level of sleep factor (s) and slow-wave 
sleep (SWS) drive. In this model the time course of delta 
activity over the night, a declining exponential, reflects the 
dissipation of the sleep factor(s). These workers have not 
specified the nature of the underlying sleep factor(s), but 
the principal candidates are discussed below. 

The main short-term functional consequence of dep¬ 
rivation of sleep seems to be the presence of “microsleeps” 
that is, very brief episodes of sleep during which sensory 
input from the outside is diminished and cognitive func¬ 
tion is markedly altered [4]. Furthermore, there are also 
long-duration effects of sleep loss/restriction on perform¬ 
ance and physiology, termed “sleep debt,” which persist 
even after a night of recovery sleep. Sleep loss-induced 
transcriptional changes may underlie the presence of 
sleep debt. Further discussion of this topic is provided 
below in the context of AD as a sleep factor. 


13.1, Adenosine 

13.1.1. Adenosine as a Mediator of the Sleepiness 
Following Prolonged Wakefulness 
(Homoeostatic Control of Sleep) 

A growing body of evidence supports the role of 
purine nucleoside adenosine as a mediator of the sleepi¬ 
ness following prolonged wakefulness, a role in which its 
inhibitory actions on the basal forebrain wakefulness- 
promoting neurons may be especially important. Common- 
sense evidence for an adenosine role in sleepiness comes 
from the nearly universal use of coffee and tea to increase 
alertness, since these beverages contain the adeno¬ 
sine receptor antagonists caffeine and theophylline [5]. 


[2] Kronauer etal (1982). 

[3] Borbely (1982). 


[4] Dinges et al (1997). 


[5] Reviewed in Fredholm 
etal (1999). 



[6] Illes et al (2000). 

[7] Drury and Szent- 
Gyorgyi (1929). 

[8] Olah and Stiles (1992). 


[9] Phillis and Wu (1981); 
Newby (1984); Williams 
(1989); Cunha (2001). 

[10] Newby (1984); 
Dunwiddie (1985); 
Williams (1989). 


[11] Rudolphi^a/. 

(1992);Fredholm (1997); 
Ongini and Schubert 
(1998); Von Lubitz (1999); 
for review see Latini and 
Pedata (2001). 

[12] Schubert et al. (1997). 

[13] Rudolph! ef al 
(1992); Park and Rudolphi 
(1994); Fredholm (1997). 

[14] Heurteaux et al 
(1995). 

[15] Dunwiddie and 
Masino (2001). 


McCarley and coworkers have advanced the hypothesis that, dur¬ 
ing prolonged wakefulness, adenosine accumulates selectively in 
the basal forebrain and promotes the transition from wakefulness 
to slow-wave sleep (SWS) by inhibiting, via the adenosine Al 
receptor, cholinergic and noncholinergic wakefulness-promoting 
basal forebrain neurons. 

Adenosine, a ubiquitous nucleoside, serves as a build¬ 
ing block of nucleic acids and energy storage molecules, as 
a substrate for multiple enzymes, and, most importantly 
for this review, as an extracellular modulator of cellular 
activity [6]. Since its first description in 1929 by Drury and 
Szent-Gyorgyi, adenosine has been widely investigated in 
different tissues [7]. The endogenous release of adenosine 
exerts powerful effects in a wide range of organ systems 
[8]. For example, adenosine has a predominantly hyper- 
polarizing effect on the membrane potential of excitable 
cells, producing inhibition in smooth muscle cells both 
in the myocardium and coronary arteries, as well as in 
neurons in brain. From an evolutionary point of view, 
adenosine’s postulated promotion of sleep following activ¬ 
ity could be considered as an extension of its systemic role 
in protecting against overactivity, as seen most clearly in 
the heart. 

Adenosine in the central nervous system functions 
both as a neuromodulator and as a neuroprotector. The 
modulatory function, reviewed as early as 1981 by Phillis 
and Wu, is exerted under physiological conditions both 
as a homoeostatic modulator as well as a modulator at 
the synaptic level [9]. The most profound effect of adeno¬ 
sine is inhibitory modulation of cellular activity and neuro¬ 
transmitter release, and it consequently has been described 
as a “retaliatory modulator” [10]. 

In terms of a neuroprotective response, extracellular 
adenosine levels have been shown to increase under 
abnormal cell-threatening conditions such as cell injury, 
trauma, ischemia, or hypoxia, and adenosine is widely 
studied as an endogenous neuroprotective agent in the 
central nervous system [11]. The increased levels of extra¬ 
cellular adenosine exert neuroprotective effects by reduc¬ 
ing excitatory amino acid release and/or Ca 2+ influx, as 
well as by reducing cellular activity and hence metabolism 
[12]. Pharmacological agents which enhance extracellular 
adenosine levels have been shown to reduce neuronal 
damage in animal models of cerebral ischemia [13]. An 
increase in adenosine levels and adenosine Al receptor 
activation have been described as essential to development 
of ischemic tolerance [14]. In addition, adenosine has also 
been implicated in locomotion, analgesia, chronic drug 
use, and mediation of the effects of ethanol, topics 
reviewed in Dunwiddie and Masino [15]. 
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Initial evidence that adenosine (AD), a purine nucle¬ 
oside, was a sleep factor came from pharmacological 
studies describing the sleep-inducing effects of systemic 
or intracerebral injections of adenosine and adenosine 
agonist drugs [16] .The hypnogenic effects of adenosine 
were first described in cats by Feldberg and Sherwood 
[17] and later in dogs by Haulica et al [18]. Since then 
the sedative, sleep-inducing effects of systemic and cen¬ 
tral administrations of adenosine have been repeatedly 
demonstrated [19]. These effects and the fact that adeno¬ 
sine is a byproduct of energy metabolism, led to postulates 
that adenosine may serve as a homoeostatic regulator 
of energy in brain during sleep, since energy restoration 
has been proposed as one of the functions of sleep [20]. 
Fig. 13.1 A schematizes adenosine metabolism and its 
relationship to adenosine triphosphate. 

Reasoning that adenosine’s control of sleepiness might 
best be understood as an inhibition of wakefulness- 
promoting neuronal activity, Portas et al [21] used micro¬ 
dialysis to apply adenosine to the cholinergic neuronal 
zones of the feline basal forebrain and LDT/PPT, 
known to be important in production of wakefulness (see 
Chapter 9). At both sites, adenosine produced a decrease 


[16] Tichoand 
Radulovacki (1991); 
reviewed in Radulovacki 
(1985). 

[17] Feldberg and 
Sherwood (1954). 

[18] Haulica etal (1973). 


[19] Dunwiddie and Worth 
(1982); Virus etal (1983); 
Radulovacki etal (1984), 
Radulovacki (1985);Ticho 
and Radulovacki (1991). 

[20] Chagoya de Sanchez 
etal (1993); Benington 
and Heller (1995). 


[21] Portas etal (1997). 


A Adenosine metabolism B 



Adenosine (AD)-mediated inhibition of 
Basal Forebrain wake-active neurons 

Cortex 



Figure 13.1. A. Schematic of main intra- and extracellular metabolic pathways of adenosine. The 
intracellular pathway from ATP (adenosine 5'-triphosphate) to ADP (adenosine diphosphate) to AMP 
(adenosine monophosphate) to Adenosine is respectively regulated by the enzymes ATP-ase, ADP-ase, 
and 5'-nucleotidase and extracellularly by the respective ectoenzymes. Adenosine kinase converts adeno¬ 
sine to AMP, while adenosine deaminase converts adenosine to inosine. The third enzyme to metabolize 
adenosine is S-adenosylhomocysteine hydrolase, which converts adenosine to 5-adenosylhomocysteine 
(SAH). Adenosine concentration between the intra- and extracellular spaces is equilibrated by nucleo¬ 
side transporters. B. Schematic of adenosine effects on cells in the basal forebrain. Extracellular 
adenosine (AD) acts on the Al adenosine receptor subtype to inhibit neurons of various neurotrans¬ 
mitter phenotypes that promote EEG activation and wakefulness. Modified from McCarley, 2002. 
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[22] Porkka-Heiskanen 
etal (1997). 


in wakefulness and in the activated EEG. (Fig. 13.IB 
provides a schematic of this wakefulness-suppressing 
action in basal forebrain.) 

However, these were pharmacological experiments, 
and the remaining critical piece of evidence was a study of 
the changes in extracellular concentration of adenosine as 
sleep-wake state was varied (cf. our sketch of criteria for 
establishing a relationship of neurotransmitter/neuro¬ 
modulator to a state change in Chapter 11). Using cats to 
take advantage of the predominance of homoeostatic vs 
circadian control of sleep, Porkka-Heiskanen et al. [22] 
found extracellular adenosine concentrations in the basal 
forebrain were higher during spontaneously occurring 
episodes of wake compared with SWS. Moreover, adenosine 
concentrations progressively increased with each succeeding 
hour of wakefulness during atraumatic sleep deprivation 
(Fig. 13.2A). 

To determine if the increased adenosine concentra¬ 
tions played a causal role in the sleep-wake alterations, uni¬ 
lateral microdialysis perfusion of the adenosine transport 
inhibitor &(4-nitrobenzyI)- 6-thioinosine (NBTI, 1 mM) was 
performed. This produced slightly more than a 2-fold 
increase in extracellular adenosine in basal forebrain, about 
the same as prolonged wakefulness (see Section 13.1.2, for 
further explanation of the increase in adenosine). Both 
prolonged wakefulness and NBTI infusion in the basal fore¬ 
brain produced the same pattern of sleep-wakefulness 
changes, with a reduction in wakefulness and an increase in 
SWS (Fig. 13.2B). Power spectral analysis showed that both 
prolonged wakefulness and NBTI infusion, compared with 
control values of spontaneous sleep-wakefulness states with 
artificial cerebrospinal fluid (ACSF) perfusion, produced 
an increase in delta band and a decrease in gamma band 
power. These data were seen as compatible with a causal 
role of adenosine in producing sleep-wake changes 
through actions in the basal forebrain. In contrast, in the 
ventroanterior/ventrolateral (VA/VL) thalamus, a relay 
nucleus without the widespread cortical projections of the 
basal forebrain, increasing adenosine concentrations 2-fold 
with NBTI had no effect in sleep-wakefulness. 
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13.1,2. Site Specificity and Sources of Adenosine 
Increases with Prolonged Wakefulness 

1. Site specificity of adenosine increases with prolonged 
xvakefulness . An important issue is whether adenosine 
exerts its effects on sleep-wakefulness at localized brain 
regions, or globally throughout the brain. The initial study 
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Figure 13.2. A. Mean basal forebrain extracellular adenosine values by hour during 6 hr of prolonged 
wakefulness and in the subsequent 3 hr of spontaneous recovery sleep. Microdialysis values in the six cats 
are normalized relative to the second hour of wakefulness. Adapted from Porkka-Heiskanen et al, 1997. 
B. Comparison of the effects of prolonged wakefulness and NBTI perfusion in the feline basal forebrain 
on the percent of time spent in each behavioral state. During both the NBTI treatment and the recovery 
sleep conditions, slow-wave sleep (SWS) was increased as compared with control sleep (p< 0.05), and 
this increase in SWS did not differ between the NBTI and recovery sleep conditions (post hoc Neumann 
Keul). Wakefulness was decreased in both experimental conditions as compared to control sleep 
( p< 0.01), whereas the two experimental conditions did not differ from each other. REM sleep in the 
NBTI-treated and recovery sleep groups had similar percentage increases. Effects of NBTI perfusion 
in the VA/VL thalamus did not differ from control conditions (not shown). Adapted from Porkka- 
Heiskanen et al , 1997. 







[23] Porkka-Heiskanen 
etal (2000). 


of Porkka-Heiskanen et al. [22] reported no increases 
in adenosine concentration in VA/VL thalamus with pro¬ 
longed wakefulness, although short spontaneous episodes 
of wakefulness showed higher levels in wake relative 
to spontaneous episodes of SWS. This suggested that all 
brain sites might not show an increase in adenosine with 
prolonged wakefulness and hence might not be the source 
of a homoeostatic signal. A systematic study [23] in multi¬ 
ple brain areas showed that sustained and monotonic 
increases in adenosine concentrations in the course of 
prolonged wakefulness (6 hr) occurred only in the cat 
basal forebrain, and to a lesser extent in cerebral cortex. 
Of note, adenosine concentrations did not increase 
elsewhere during prolonged wakefulness even in regions 
known to be important in behavioral state control, such 
as the preoptic-anterior hypothalamus region (POAH), 
dorsal raphe nucleus (DRN), and PPT nucleus; nor did 
it increase in the VL/VA thalamic nuclei (Fig. 13.3), 
although adenosine concentrations were higher in all 
brain sites sampled during the naturally occurring (and 
shorter duration) episodes of wakefulness as compared to 
sleep episodes in the freely moving and behaving animals. 
The possibility that other brain sites not surveyed here 
might show a similar pattern to basal forebrain remains 
open. Obviously, not all brain sites were surveyed and so it 
is possible that some other site(s) might show the same 
pattern as basal forebrain. For example, diurnal variations 
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BF 

—Cortex 
-a- Thai. 

POAH 
—PPT 
—»— DRN 


Figure 13.3. Adenosine concentrations in six different brain areas during sleep deprivation and recovery 
sleep. Note that in basal forebrain (BF, top line) adenosine levels increase progressively during the 6 hr 
of sleep deprivation, then decline slowly in recovery sleep. Visual Cortex most closely resembles BF, but 
adenosine levels decrease during the last hour and fall precipitously in during recovery. Other brain 
areas show no sustained rise in adenosine levels with deprivation. This pattern and other data (see text) 
suggest basal forebrain is likely a key site of acdon for adenosine as a mediator of the sleepiness follow¬ 
ing prolonged wakefulness. Abbreviations: Thai., Thalamus; POAH, preoptic-anterior hypothalamus 
region; PPT, pedunculopontine tegmental nucleus; DRN, dorsal raphe nucleus. Modified from Porkka- 
Heiskanen et al ., 2000. 








568 


CHAPTER 13 


in adenosine concentrations have been found in hip¬ 
pocampus, although lack of sleep state recording in this 
study makes it difficult to know if these are primarily 
sleep-wake state or circadian related [24]. 

These data suggest the presence of brain region- 
specific differences in factors controlling extracellular 
adenosine concentration, and this section next addresses 
several potential factors controlling the concentration of 
extracellular adenosine. 

2. Metabolism . Data suggest the level of extracellular 
concentration of adenosine is dependent on metabolism, 
with increased metabolism leading to reduced high energy 
phosphate stores and increased adenosine which, via 
an equilibrative nucleoside transporter, might lead to 
increases in extracellular adenosine (see Fig. 13.1A). For 
example, in the in vitro hippocampus, extracellular adeno¬ 
sine release, shown by ATP labeling with [ 3 H] adenine to 
be secondary to ATP breakdown, was induced both by 
hypoxia/hypoglycemia and by electrical field stimulation 
[25]. Thus, when the energy expenditure exceeded energy 
production, adenosine levels increased in the extracellular 
space. Of note also, pharmacologically induced local 
energy depletion in the basal forebrain, but not in adja¬ 
cent brain areas, induces sleep [26]. It is worth emphasiz¬ 
ing at this point that the equilibrative transporter for 
adenosine is a nucleoside transporter, and in vitro data 
[25] suggest that the transporter inhibitor NBTI has the 
effect of increasing adenosine and decreasing inosine and 
hypoxanthine release, in agreement with the in vivo meas¬ 
urements of the effects of NBTI on adenosine [22]. 
Support for an adenosine-metabolism link hypothesis 
comes from the facts that EEG arousal is known to dimin¬ 
ish as a function of the duration of prior wakefulness and 
also with brain hyperthermia, both associated with 
increased brain metabolism [27]. 

3. Extracellular breakdown of adenine nucleotides . Another 
potential factor in the increase of extracellular adenosine 
during wakefulness is the dephosphorylation of adenine 
nucleotides by ectonucleotidases. This may occur through 
degradation of ATP, released as a cotransmitter during 
synaptic activity, as illustrated in Fig. 13.3 [15]; this degra¬ 
dation and cellular uptake is ordinarily rapid, occurring 
within 1 s, but the possibility exists that increased intracel¬ 
lular adenosine could decrease the rate of uptake through 
the facilitated nucleoside transporter. Still another poten¬ 
tial source of extracellular adenosine is through cyclic 
adenosine 3',5'-menophosphate (cAMP) released into the 
extracellular space by a probenicid-sensitive transporter 
[28], although no data are currently present supporting 
a role for sleep-wake modulation of this effect. 


[24] Huston et al (1996). 


[25] Fredholm et al. 
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report the effect of wake¬ 
fulness on reducing EEG 
arousal. Brain metabolism 
during delta SWS is consid¬ 
erably less than in wakeful¬ 
ness. In humans, a 44% 
reduction in the cerebral 
metabolic rate (CMR) of 
glucose during delta-wave 
sleep, compared with that 
during wakefulness, was 
determined by Maquet 
etal (1992), and a 25% 
reduction in the CMR of 
0 2 was determined by 
Madsen etal (1991). 

Horne (1992) has 
reviewed metabolism and 
hyperthermia. 

[28] Rosenberg and 
Li (1995). 



[29] Fredholms al 
( 2000 ). 


[30] Alanko etal (2003a); 
Mackiewicz etal (2003). 


[31] Yao etal (1997, 
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[32] Alanko et al. (2003b). 
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slices see Fall ah i et al. 
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Rosenberg et al (2000). 

[34] Kalinchuk et al 
(2003b). 


4. Changes in activity of adenosine-related enzymes. The 
biochemistry of enzymes responsible for adenosine pro¬ 
duction as well as its conversion to inosine or phosphoryla¬ 
tion to adenosine monophosphate (AMP) have been well 
characterized, although the factors regulating their activity 
are still not well known [15, 29] (see sketch in Fig. 13.1A). 
In view of the observed selective increase in the levels 
of extracellular adenosine in cholinergic basal fore¬ 
brain with prolonged waking, changes in the activity of 
regulatory enzymes have been examined following 3 and 
6 hr of sleep deprivation in rat. None of the enzymes in 
basal forebrain including adenosine kinase, adenosine 
deaminase, and both ecto- and endo-5'-nucleotidases 
showed any change in activity following sleep depriva¬ 
tion [30]. 

5. Nucleoside transporters. It is possible that adenosine 
concentration increases and the regional selectivity might 
be related to differences in activity of the nucleoside 
transporters in the membrane, although the lack of knowl¬ 
edge about these transporters and their regulation has 
hindered sleep-related research. The human (h) and rat 
(r) equilibrative (Na(T)-independent) nucleoside trans¬ 
porters (ENTs) hENTl, rENTl, hENT2, and rENT2 
belong to a family of integral membrane proteins with 
11 transmembrane domains and are distinguished func¬ 
tionally by differences in sensitivity to inhibition by NBTI; 
ENT1 but not ENT2 has pharmacological antagonists, 
such as NBTI [31]. Very little is known about the active 
transporter. After 6 hr of sleep deprivation in the rat, 
NBTI binding to the ENT1 transporter, a possible indirect 
measure of ENT1 activity, was found to be decreased in 
basal forebrain but not in cortex, although ENT1 mRNA 
did not change [32]. 

6. Nitric oxide. Another candidate for contributing to 
the increased adenosine concentration following pro¬ 
longed wakefulness is the release of nitric oxide (NO) as 
demonstrated in hippocampal slices and forebrain neu¬ 
ronal cultures [33]. Infusion of the nitric oxide donor 
diethylamine-NONOate into cholinergic basal forebrain 
has been shown to mimic the effects of sleep deprivation 
by increasing non-REM sleep [34]. 

Thus, the mechanism for sleep deprivation-induced 
increase in extracellular adenosine that is specific to the 
basal forebrain is not yet clear, and remains an important 
area for further research. It is the authors’ opinion that 
extracellular adenosine increases with prolonged wakeful¬ 
ness are linked to increased metabolism, and that the most 
likely source is from inside the neurons, secondary to a 
decrease in ATP, which, even though small, would produce 


569 


ROLE OF ACTIVE 
FOREBRAIN AND 
HUMORAL SYSTEMS 



570 


CHAPTER 13 


larger increases in ADP, AMP, and adenosine because of 
the equilibrium constants in the reactions illustrated in 
Fig. 13.1 A. Data are even more scanty on the mechanism 
for basal forebrain selectivity, but transporter differences 
are, in the authors’ opinion, excellent candidates. 


13.1.3. Neurophysiological Mechanisms of 
Adenosine Effects 

Using an in vitro rat brainstem slice preparation, 

Rainnie and coworkers [35] demonstrated that mesopon- [35] Rammed/. (1994). 
tine cholinergic neurons are under the tonic inhibitory 
control of endogenous adenosine. Whole-cell and extra¬ 
cellular recordings of identified cholinergic neurons 
showed an adenosine inhibitory tone that was mediated 
postsynaptically by an inwardly rectifying potassium con¬ 
ductance and by an inhibition of a hyperpolarization- 
activated current (Ih). Similar inhibition of discharges 
mediated by the adenosine A1 receptor occurred in 
basal forebrain cholinergic and noncholinergic neurons. 

Arrigoni and colleagues [36] performed whole cell patch- [36] Arrigoni etal. (2003). 
clamp in vitro recordings on basal forebrain cholinergic 
neurons, identified by prelabeling in vivo with the fluores¬ 
cent marker, Cy3-192IgG, which is selectively internalized 
by p75-receptor-expressing basal forebrain cholinergic 
neurons. Under fluorescent microscopy the prelabeled 
neurons in the slice appeared bright red and were tar¬ 
geted for electrophysiological recordings, with cholinergic 
identity confirmed by post-recording injection with 
lucifer yellow and subsequent cholineacetyl transferase 
(GhAT) labeling. Adenosine (50-100 fxM) reduced the 
cholinergic neuronal firing rate by inducing membrane 
hyperpolarization and decreasing input resistance, effects 
persisting in the presence of TTX (1 jxM), indicating a 
postsynaptic action. Voltage-clamp recordings suggested 
adenosine evoked an inwardly rectifying potassium cur¬ 
rent. Application of the adenosine A1 receptor antagonist 
8-cyclopentyl-theophylline (CPT, 200 nM) blocked adeno¬ 
sine effects and, when applied alone, decreased the current 
evoked by a voltage ramp protocol, consistent with 
removal of a tonic inhibition by endogenous adenosine. 

These effects were similar to those previously described 
in LDT, with the exception that no Ih current was present 
in basal forebrain cholinergic neurons. The effects of 
adenosine on most of the noncholinergic neurons 
recorded in this protocol were similar but more data are 
needed. 
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13.1.4. Receptor Mediation of Adenosine 
Effects: Al and A2A Subtypes 

To date four different adenosine receptors (Al, A2A, 
A2B, A3) have been cloned in a variety of species, includ¬ 
ing man [15, 37]. All of the adenosine receptors are seven 
transmembrane domain, G-protein-coupled receptors, 
and they are linked to a variety of transduction mecha¬ 
nisms. The Al receptor has the highest abundance in 
the brain and is coupled to activation of K + channels 
(primarily postsynaptically) and inhibition of Ca 2+ chan¬ 
nels (primarily presynaptically), both of which would 
inhibit neuronal activity [38]. The A2A receptor is 
expressed at high levels in only a few regions of the brain, 
such as the striatum, nucleus accumbens, and olfactory 
bulb, and is primarily linked to activation of adenylyl 
cyclase. Evidence is available for both Al and A2A adeno¬ 
sine receptor subtypes in mediating the sleep inducing 
effects of adenosine. 


13.1.4.1. Receptor Mediation of Adenosine 
Effects: The Al Subtype 

Al receptor. ICV administration of the highly selective 
Al receptor agonist, N 6 -cyclohexyladenosine (CHA) was 
found to result in an increased propensity to sleep and 
increased delta waves during sleep, suggesting a role of the 
Al adenosine receptor [39]. Studies in cat and in rat 
revealed that the somnogenic effects of adenosine in the 
cholinergic region of the basal forebrain appear to be 
mediated by the Al adenosine receptor, since the unilateral 
infusion of the Al receptor selective antagonist, eye lope ntyl- 
1,3-dime thylxan thine (CPT) increased waking and 
decreased sleep [40]. More-over, single unit recording of 
basal forebrain wake-active neurons in conjunction with in 
vivo microdialysis of the Al selective agonist CHA decreased, 
and the Al selective antagonist CPT increased discharge 
activity of basal forebrain wake-active neurons [41] in a 
dose-dependent manner [42] (Fig. 13.4). 

Of particular note, blocking the expression of basal 
forebrain Al receptors with microdialysis perfusion of 
antisense oligonucleotides designed to hybridize with Al 
receptor mRNA and thereby preventing its translation, 
resulted in a significant reduction in non-REM sleep and 
increase in wakefulness in the rat (Fig. 13.5). Moreover, as 
illustrated in Fig. 13.5, following microdialysis perfusion 
of Al receptor antisense and 6 hr of sleep deprivation, 
the animals spent a significantly reduced (50-60%) 
amount of time in non-REM sleep during hours 2-5 in the 
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572 post-deprivation period with an increase in delta activity in 

each hour [43]. The absence of a sleep stage difference [43] Thakkar^aZ. 
chapter 13 i n post-deprivation hour 1 suggested that other regions in (2003b). 

addition to basal forebrain, perhaps cortex, might mediate 
the immediate sleep response following deprivation. The 
neocortex is suggested because of the initial deprivation- 
induced rise in adenosine in the neocortex, but not in 
other brain regions outside of basal forebrain (see 
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Figure 13.4 Basal forebrain wakefulness-active units: responses 
to adenosine and to adenosine A1 and A2a pharmacological 
agents. A. Microdialysis perfusion of adenosine decreases the 
discharge activity of wakefulness-active neurons in the cholin¬ 
ergic BF in a dose-dependent manner (dose-dependency 
p < 0.05). The graph shows the group mean values (± SEM) 
of discharge activity (spikes/s) during active wakefulness (AW), 
quiet wakefulness (QW), and non-REM sleep during ACSF (solid 
line), or adenosine perfusion (three doses; dashed lines). The 
digital recording trace of a typical extracellular action potential 
is also shown. B. Microdialysis perfusion of the specific adenosine 
A1 receptor agonist CHA in the BF reduces the discharge activ¬ 
ity of wakefulness-active neurons in a dose-dependent manner 
(dose-dependency p < 0.05). The graph shows mean (± SEM) 


discharge activity during ACSF (solid line), and CHA perfusion 
(three doses; dashed lines). Subsequent analysis revealed that 
CHA significantly reduced the activity of wakefulness-active 
neurons only during AW. C. Microdialysis perfusion of the spe¬ 
cific adenosine A1 receptor antagonist CPT in the BF induces a 
significant increase in the discharge activity of wakefulness- 
active neurons both during AW and QW (Wilcoxon Signed- 
Ranks Test in AW and QW; p's = 0.042). A permutation test 
indicated dose-dependence. This graph shows mean (± SEM) 
discharge activity during ACSF (solid line), and CPT perfusion 
(three doses; dashed lines). D. Microdialysis perfusion of the 
specific adenosine A2A agonist CGS 21680 in the BF has no 
effect on the discharge activity of wakefulness-active neurons. 
Adapted from Thakkar et at , 2003a. 
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Figure 13.5. Effects of basal forebrain perfusion of antisense 
oligonucleotides against the mRNA of the adenosine A1 recep¬ 
tor compared with controls (ACSF and nonsense pooled) on 
recovery sleep following 6 hr of sleep deprivation in rats. Note 
increased wakefulness (Panel A) and decreased non-REM 
sleep (Panel B) during the first 5 hr of the recovery sleep 
period in the antisense group as compared with controls. 
There was a significant increase in wakefulness and a decrease 
in non-REM sleep during the 2nd, 3rd, 4th, and the 5th hour. 
REM sleep (Panel G) did not show significant differences. The 
right part of the graphs (within box) shows that, for the 


subsequent 7 hr, there was no compensation for the antisense- 
induced changes in wakefulness and non-REM. Ordinate is 
mean % time spent in each behavioral state (± SEM) and 
abscissa is time of day, with lights off occurring at 1900 hr and 
lights on occurring at 0700 hr. Panel D describes differences in 
delta power (1-4 Hz, Mean + SEM) for the antisense and the 
control group for the first 5 hr of recovery sleep. Note the sig¬ 
nificant decrease in the delta activity in antisense treated ani¬ 
mals during each of the 5 hr of recovery sleep as compared to 
the pooled controls (** = p< 0.01). Adapted from Thakkar 
et al, 2003b. 


Fig. 13.3 above). Together, these observations suggested 
a rather strong site-specific somnogenic effect of adeno¬ 
sine in basal fore brain, with a lesser effect in neo cortex. 
The section on intracellular signaling below describes the 
A1 selectivity of this pathway. 

In contrast to the findings of the A1 receptor knock¬ 
down just described, mice with a constitutive A1 receptor 
knockout did not show a reduced non-REM sleep and 
[44] Stenberg et al (2003). delta activity following deprivation [44]. Stenberg et al. 

note that possible determinants of this unexpected find¬ 
ing were the mixed and variable genetic background of 
the mice and developmental compensation, perhaps with 
another adenosine receptor compensating. Based on the 
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presence of some overlap in the effects of the A3 and A1 
receptor, the authors of this volume suggest the A3 recep¬ 
tor might possibly compensate (see Section 13.1.5 below). 
An inducible knockout would help obviate developmental 
compensatory factors (Scammell et al 2003). 

13.1.4.2. Receptor Mediation of Adenosine 
Effects: The A2A Subtype and the 
Prostaglandin D2 System 

The adenosine A2A receptor subtype mediates 
sleep-related effects in the subarachnoid space below the 
rostral basal forebrain, but not in the basal forebrain 
parenchyma. In the subarachnoid space data suggest that 
there is prostaglandin D2 (PGD2) receptor activation- 
induced release of adenosine which exerts its somnogenic 
effects via the A2A adenosine receptor, as documented in a 
series of studies by the Osaka Bioscience Institute investi¬ 
gators and collaborators [45]. Data supporting the somno¬ 
genic effects of PGD2 have been reviewed by Hayaishi 
[46]. PGD2 has been implicated as a physiological regula¬ 
tor of sleep because PGD2 is the major prostanoid in the 
mammalian brain and the ICV infusion of femtomolar 
amounts per minute of PGD2 induced both non-REM and 
REM sleep in rats, mice, and monkeys. Sleep promoted by 
PGD2 was indistinguishable from natural sleep as judged 
by several electrophysiological and behavioral criteria, in 
contrast to sleep induced by hypnotic drugs. 

The PGD2 link to adenosine to exert its somnogenic 
effects is apparently mediated by PGD2 receptors in the 
leptomeninges in the subarachnoid space ventral to the 
basal forebrain [47]. Infusion of the A2A agonist CGS 
21680 (0.02 to 20 pmol/min) in the subarachnoid space of 
rats for 6 hr during their active period (night) induced 
SWS sleep in a dose-dependent manner [48]. Infusion at 
the rate of 20 pmol/min was effective during the first 
night, but became ineffective 18 hr after the beginning of 
infusion, resulting in a wakefulness rebound and almost 
complete insomnia during the first and second days of 
infusion, a finding attributed to A2A receptor desensitiza¬ 
tion [49]. These data provide pharmacological evidence 
for the role of the A2A receptor in mediating the somno¬ 
genic effects of PGD2 [48]. Moreover infusion of PGD2 
into the subarachnoid space increased the local extracellu¬ 
lar adenosine concentration, although dose-dependency 
was not described in this preliminary (abstract) communi¬ 
cation [50]. Scammell et al. [51] found robust Fos expres¬ 
sion in the basal leptomeninges, as well as the VLPO of rats 
treated with subarachnoid CGS 21680. The mediator and 
pathway for leptomeningeal activation of VLPO Fos 


[45] For example, 
Matsumura et al (1994); 
Urade and Hayaishi 
(1999); Mizoguchi et al 
(2001); Scammell et al 
(2001); Hayaishi (2002). 

[46] Hayaishi (2002). 


[47] Mizoguchi et al 
( 2001 ). 


[48] Satoh et al (1996, 
1998,1999). 


[49] Gerashchenko et al 
( 2000 ). 


[50] Mochizuki et al 
( 2000 ). 

[51] Scammell et al 
( 2001 ). 



[52] Morairty et ai (2004). 


[53] Scammell et al 
(1998). 


[54] Roberts et al (1980). 


[55] Pentreath^a4 
(1990). 


expression is currently unknown. Scammell et al [51] 
speculated, “Stimulation of leptomeningeal cells by an A2a 
receptor agonist could induce production of a paracrine 
mediator that activates nearby VLPO neurons, and study¬ 
ing the effects of PGD2 and A2A receptor agonists on 
isolated or cultured leptomeningeal cells may help define 
this local signal,” a possibility illustrated in Fig. 13.6. These 
authors suggested that presynaptic inhibition of VLPO 
might be effected by this paracrine mediator; however, 
the extant data on presynaptic inhibition of VLPO neu¬ 
rons implicate adenosine [52], and this effect is likely Al- 
mediated. Scammell et al. [51] noted that data did not sup¬ 
port an alternate hypothesis of A2A effects being mediated 
by the shell of the nucleus accumbens, since, in reviewing 
the pattern of Fos-immunoreactive neurons from pre¬ 
vious work with PGD2 [53], they could not identify any 
change in accumbens Fos expression with infusion of 
PGD2 (Fig. 13.6). 

Data indicate that the PGD2-Adenosine A2A system 
plays a special role in pathological conditions affecting 
the leptomeninges and producing alterations in sleep. 
Roberts and coworkers [54] reported that the endogenous 
production of PGD2 increased up to 150-fold in patients 
with systemic mastocytosis during deep sleep episodes. 
Subsequently, the PGD2 concentration was shown to be 
elevated progressively and selectively up to 1,000-fold 
in the cerebrospinal fluid (CSF) of patients with African 
sleeping sickness [55]. It is possible that the A2AR system 
is specialized for the mediation of sleepiness that occurs 
with leptomeningeal inflammation in contrast to the more 
homeostatic ally regulated Al system. 
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Figure 13.6. Potential mechanisms though which prostaglandin D2 (PGD2) and adenosine A2a receptor 
agonists may promote sleep. PGD2 may bind to PGD2 (DP) receptors in leptomeningeal cells that 
increase the concentration of adenosine in the subarachnoid space. This adenosine then binds to A2a 
receptors in the leptomeninges or in the shell of the accumbens nucleus. Through synaptic or paracrine 
signals, these regions then activate sleep-active neurons in the ventrolateral preoptic area (VLPO) that 
inhibit the tuberomammillary nucleus (TMN) and other arousal regions via GABAergic projections 
Adapted from Scammell et al , 2001. 
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It is useful to mention that in the cholinergic basal 
forebrain, only A1 but not A2A receptor mRNA (in situ 
hybridization and reverse-transcription coupled poly¬ 
merase chain reaction (RT-PCR) studies) and protein 
(receptor autoradiography) have been detected [56]. 
These data provide strong evidence that in HDB/SI/ 
MCPO area of cholinergic basal forebrain the effects of 
adenosine on sleep-wake behavior are mediated through 
the A1 adenosine receptor, in contrast to the A2A receptor 
found in the leptomeninges. 

13.1.5. Adenosine A1 Receptor-Coupled Intracellular 
Signal Transduction Cascade and 
Transcriptional Modulation 

Introduction . Prolonged waking or sleep restriction 
produces progressive, additive effects such as decreased 
neurobehavioral alertness, decreased verbal learning, and 
increased mood disturbances, often referred to as “sleep 
debt” [4, 57]. These effects are cumulative over many 
days and thus, unlike the shorter term effects described 
in previous sections, are likely to have sleep deprivation or 
restriction-induced alterations in transcription as a basis 
for these long-term effects. The next sections describe 
investigations of the adenosine signal transduction path¬ 
ways that may be responsible for the relevant transcrip¬ 
tional alterations. 

The sleep-deprivation induced presence, over several 
hours, of increased extracellular adenosine in the cholin¬ 
ergic basal forebrain suggested the utility of investigating 
the intracellular effects of A1 receptor activation that 
involved second messenger actions impacting activation of 
protein kinases and transcription factors that alter gene 
expression. A series of reports from the Basheer/McCarley 
laboratory have demonstrated that A1 adenosine recep¬ 
tors on cholinergic neurons activate a signal transduc¬ 
tion pathway mobilizing intracellular stores of calcium 
that impacts intracellular changes in enzyme activities, 
transcription factor activation, and gene expression. A 
schematic of the postulated pathway is presented in 
Fig. 13.7 so as to help orient the reader. The initial part of 
the cascade is consistent with reports that the A1 adeno¬ 
sine receptor, coupled to the inhibitory Gi3 subtype of 
G-protein, is capable of “dual signaling,” that is, inhibition 
of adenylate cyclase and stimulation of phospholipase 
C (PLC) [58]. Also, Biber et al [59] have shown that 
increased expression and/or stimulation of AI receptor 
results in PLC activation that, in turn, activates protein 
kinase C (PKC) via the production of the second messenger 
inositol trisphosphate (IP3) [60]. 


[56] Basheer etal (2001a). 


[57] Drummond ^ ai 
(2000); Van Dongen et al 
(2003). 


[58] Gerwins and 
Fredholm (1992) ; Freund 
et al (1994); Biber et al 
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[59] Biber etal (1997). 

[60] Berridge (1993); 
Fisher (1995). 




Figure 13.7* Model of intracellular signaling pathway of the 
adenosine A1 receptor in the cholinergic basal forebrain. In 
brief, Adenosine binds to the A1 receptor subtype, proceeds 
through .a second messenger pathway producing IP3 receptor- 
mediated intracellular calcium increase and leading to an acti¬ 
vation of the transcription factor NF-kB. The activated NF-kB 


translocates to the nucleus and binds to the promotor regions 
of genes, one of which is the gene for A1 receptor. See text for 
a description of the steps in the pathway and supporting exper¬ 
imental evidence. The checks in the figure indicate steps for 
which supporting evidence is present. Basheer and McCarley, 
unpublished figure. 


In basal forebrain adenosine mobilizes intracellular calcium 
predominantly via A1 adenosine receptor. Real-time changes in 
intracellular calcium in individual neurons were measured 
in 300 pm thick acute brain slices of basal forebrain using 
multiphoton microscopy. Adenosine treatment (100 pM) 
induced an increase in cytoplasmic calcium reaching a maxi- 
[61] Basheer etal (2002). mum of 4-6 fold increase in 45 s [61] (Fig. 13.8A). This 

increase was closely matched with an A1 selective agonist, 
CHA (100 nM) whereas the A2A selective agonist, N6-[2-(3, 
5-dime thoxyphenyl)-2-(me thylphelyl)-ethyl] adenosine 

(DPMA, 100 nM) did not produce significant change. The 
A3 selective agonist, 4-aminobenzyl-methylcarbonyl-beta- 
D-ribofuranosyl-adenine (AB-MECA, 1 pM), produced a 
smaller but significant increase (Fig. 13.8B). Thus, the 
adenosine-induced calcium increase appears to be primarily 
mediated by the A1 receptor. 

Adenosine mediates mobilization of calcium from intracellu¬ 
lar stores via the IP3 receptor. An intracellular origin for the 
cytoplasmic calcium response to adenosine was indicated 
by (1) its presence in the absence of calcium in the exter¬ 
nal medium and (2) absence with pretreatment of slices 
with thapsigargin to deplete the cells of internal stores. 
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Figure 13.8. Adenosine-mediated mobilization of cytoplasmic calcium via binding to the A1 receptor. 
Panel A shows a typical time course of calcium increase, measured as increase in calcium orange fluores¬ 
cence in a live neuron in an acute slice after treatment with 100 p-M adenosine (measurements with 
a two-photon microscope). Panel B: The significant 5-fold increase in intracellular calcium produced by 
adenosine was closely approximated by treatment with the A1 agonist CHA treatment (both p's < 0.01) 
but treatment with the A2 agonist DPMA had no significant effect. Treatment with the A3 agonist 
AB-MECA produced a smaller, but still statistically significant (p < 0.05), fluorescence increase than the 
A1 agonist (* = />< 0.05). The adenosine effect was partially blocked by pretreatment with an A1 antag¬ 
onist, and completely blocked by pretreatment with an A1 plus an A3 antagonist (not illustrated). 
Abbreviations: AD, Adenosine; CHA, Cyclohexyladenosine; DPMA, N6-[2-(3,5-dimethoxyphenyl)- 
2-(methylphelyl)-ethyl] adenosine; AB-MECA, 4-aminobenzyl-methyIcarbonyl-beta-D-ribofuranosyl- 
adenine. Adapted from Basheer et al y 2002. 


A major source of internal calcium in neurons is the stores 
present in the elaborately distributed network of the endo¬ 
plasmic reticulum, with both IP3 and ryanodine receptors 
mediating calcium release from this internal source [62]. 
Blocking the IP3 receptor with Xestospongin C, a potent 
cell permeable blocker of IP3 receptor [63], or with 
2-aminoethoxydiphenylborane (2APB), a functional and 
membrane permeable IP3 receptor antagonist [64], pre¬ 
vented calcium increase. However, blocking the ryanodine 
receptor with l,T-diheptyl-4-4'-bipyridinium did not have 
any effect. These observations suggest that mobilization of 
intracellular calcium is mediated via IP3 receptors and not 
ryanodine receptors. 


[62] Kostyukand 
Verkhratsky (1994); 
Simpson et al. (1995). 

[63] Gafni etal. (1997). 

[64] Hamada et al (1999). 
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Adenosine-mediated mobilization of intracellular calcium 
occurs almost exclusively in cholinergic neurons . The basal 
forebrain contains cells with several neurotransmitter phe¬ 
notypes, including cholinergic, GABAergic, glutamater- 
gic, and peptidergic [65]. A long-standing conundrum 
is the relative role of cholinergic and noncholinergic 
neurons in mediation of basal forebrain control of wake¬ 
fulness. Interestingly, immunohistochemical labeling of 
basal forebrain sections for the cholinergic marker ChAT 
showed that all the cells responding to adenosine by mobi¬ 
lizing intracellular calcium were cholinergic in nature 
(Fig. 13.9A) and 65% of all the cholinergic cells examined 
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Figure 13.9. Panel A. Adenosine-induced cytosolic calcium increase was seen only in cholinergic neurons 
of basal forebrain. The neurons that showed an increase in calcium (orange fluorescence) after 60 s 
treatment with adenosine were also positive for ChAT (green fluorescence) (yellow arrowheads). One 
cholinergic neuron (white arrowhead) does not show calcium orange fluorescence. (Adapted from 
Basheer et al ., 2002). Panel B: Nuclear translocation of NF-kB following 3 hr sleep deprivation 
(SD) .Overlay of double-labeled neurons for ChAT (red fluorescence) and NF-kBp65 (blue fluorescence) 
in rat basal forebrain section. After 3 hr of SD (sleep deprivation) there is nuclear translocation of NF-kB 
(blue in the nucleus, yellow arrowhead) which is not seen in sleeping controls (bottom panel, hollow 
nucleus, white arrowhead) (Basheer, Ramesh, McCarley, unpublished data). See also color plate 6. 
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showed an increase in intracellular calcium in response 
to adenosine. There is preliminary evidence that sleep 
deprivation induced nuclear translocation of NF-kB is also 
limited to cholinergic neurons [66] (Fig. 13.9B). These 
observations thus present evidence for a selective activation 
of an adenosinergic pathway in a subset of BF cholinergic 
neurons in response to increased levels of extracellular 
adenosine. This suggests the possibility of a functional role 
of cholinergic cells in the response to sleep deprivation. 

Adenosine intracellular signaling and transcriptional 
alterations: Introduction. A common functional feature of 
inhibitory receptors (such as the AIR) is their rapid atten¬ 
uation in response to agonists, the most common response 
being receptor downregulation, that is, loss of receptors 
from the cell surface following prolonged exposure to 
their agonists [67]. Recent evidence also indicates the 
presence of upregulation of receptors following exposure 
to agonists [68]. The receptor-coupled effector pathways 
regulate the synthesis and stability of receptor mRNA 
as clearly demonstrated for receptors of substance P, (3- 
adrenergic, serotonin, (5-HT2), somatostatin, (SST2A) 
[69], and neurotensin, (NT1) [68]. Thus, prolonged pres¬ 
ence of agonists results either in the downregulation of its 
receptor in order to reduce the response to the over abun¬ 
dant agonist or upregulation for continued maintenance 
of cell sensitivity to the increasing levels of endogenous 
agonists. 

Sleep deprivation-induced increase in A1 receptor mRNA 
in basal forebrain. To examine A1 receptor regulation in 
response to sleep deprivation-induced elevated levels of 
adenosine, Bashen et al. [56] investigated the ligand bind¬ 
ing efficiency and mRNA of adenosine Al and A2A recep¬ 
tors. In situ hybridization and RT-PCR of total RNA from 
basal forebrain and cingulate cortex showed that 6 hr of 
sleep deprivation resulted in significant increases in Al 
receptor mRNA in basal fore brain, but not in cortex 
(Fig. 13.10). This upregulation of mRNA in basal fore¬ 
brain was accompanied by unchanged levels of Al recep¬ 
tor ligand-binding efficiency and overall receptor density 
after 6 hr of sleep deprivation. A2a mRNA and ligand 
binding was undetectable in this region [56]. Thus, 
increased mRNA and absence of any decrease in ligand 
binding for Al receptor suggested that sleep deprivation- 
induced increase in extracellular adenosine might be 
upregulating the levels of Al receptor in order to maintain 
steady levels of receptor density and continued response to 
the agonist, adenosine. The physiological significance of 
the sleep deprivation-induced upregulation of Al receptor 
mRNA in basal forebrain is not yet clear. The neuroprotec- 
tive effects of adenosine have been suggested to involve 
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Figure 13.10. Effects of sleep deprivation on A1 receptor mRNA and NF-kB DNA binding activity in basal 
forebrain of rat: Panel A shows the autoradiograph of RT-PCR product for the A1 receptor and the 
housekeeping gene cyclophyllin mRNA from basal forebrain and cortex of sleep deprived and control 
rats. In basal forebrain, A1 receptor mRNA levels are higher than the sleeping control. No significant 
change was observed in cortex. Panel B: Gel shift assays of the crude nuclear extracts of basal forebrain 
shows that NF-kB DNA binding is higher after 3 hr of sleep deprivation compared to controls. SD, sleep 
deprived; C undisturbed circadian control; P probe only loaded, Mut, mutant oligonucleotide. Modified 
from Basheer et al , 2001a. 


[70] Biber et al (2001). 


[71] O’Hara et al (1993); 
Cirelli et al (1995); Basheer 
et al (1997); Chen et al 
(1999). 

[72] Nie et al (1998). 


upregulation of Al receptor in cortical astrocytes [70]. It 
seems evident that prolonged sleep deprivation might act to 
enhance the sleep-inducing effects of a given level of extra¬ 
cellular adenosine concentrations beyond that observed 
before the deprivation, a “resetting of the set point” or posi¬ 
tive feedback that would further promote sleepiness. 

Sleep deprivation-induced nuclear translocation and DNA 
binding activity of NF-kB. There are many reports of sleep 
deprivation-induced increase in transcription factors [71]. 
One of the documented transcription factors that binds to 
the AIR promoter region and enhances transcription of 
the Al receptor (among many other proteins) is NF-kB 
[72]. Adenosine, acting via the Al receptor, has been 
shown to activate a signal transduction pathway leading to 
PKC activation. Activation of PKC is known to impact 
many downstream events including phosphorylation of 
inhibitory protein I-kB and the release of NF-kB allowing 
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its translocation to the nucleus [73]. Indeed there is a 
sleep deprivation-induced activation of NF-kB, evinced by 
an increase in DNA binding of NF-kB, in the basal fore¬ 
brain but not in the control region of cingulate cortex 
(Fig. 13.10B). In in vitro slices the adenosine-induced DNA 
binding of NF-kB was significantly blocked by pretreat¬ 
ment with the A1 receptor antagonist CPT, suggesting that 
A1 receptor activation might be responsible for the NF-kB 
activation [74]. In summary, sleep deprivation resulted 
in the upregulation of A1 receptor mRNA and increased 
NF-kB DNA binding in basal forebrain. Moreover, pharma¬ 
cological evidence indicated that the activation of NF-kB 
was mediated via A1 receptor activation. 

As outlined in Fig. 13.7, the data delineated an 
adenosinergic pathway, starting from its binding to the 
A1 subtype adenosine receptor, proceeding through a sec¬ 
ond messenger pathway producing IP3 receptor-mediated 
intracellular calcium increase and leading to an activation of 
the transcription factor NF-kB. These studies are of interest 
since NF-kB has been reported to have a role in regulating 
the expression of several sleep regulatory substances, such as 
interleukin-1 beta (11^1 beta), tumor necrosis factor alpha 
(TNF alpha), nitric oxide synthase, and cyclooxygenase-2 
(COX-2), as discussed in the next section of this chapter 
[75]. The role of NF-kB in the positive feedback regulation 
of the adenosine A1 receptor is currently being investigated. 
Basheer et al (unpublished data) have found that blocking 
translocation of NF-kB by a cell-permeable inhibitor 
protein (IP) prevents the increase in ADAIR mRNA in 
the cholinergic basal forebrain that occurs following 
3 hr sleep deprivation. The IP was SN 50 (amino-acid 
sequence, AAVALLPA\T.IALLAPVQRKRQKLMP) and the 
control peptide (CP) was SN (amino-acid sequence, 
AAVAIXPAVLLALIAPVQRNGQKLMP). The CP and IP 
were prepared in ACSF and were microinjected unilaterally. 
Double-labeling immunohistochemistry of cholinergic basal 
forebrain sections demonstrated that sleep deprivation- 
induced nuclear translocation of NF-kB occurred almost 
exclusively in cholinergic neurons in the side contralateral to 
IP injection and in rats injected with a CP, confirming earlier 
findings that sleep deprivation-induced NF-kB translocation 
in the cholinergic basal forebrain was confined to the cholin¬ 
ergic neuronal population. Since Adenosine Al receptor - 
mediated mobilization of calcium from intracellular stores 
was also observed exclusively in cholinergic neurons [61] 
the current data provide further supporting evidence that 
adenosine Al-mediated calcium release leads to activation of 
NF-kB in cholinergic neurons. Only about one-third of the 
entire cellular population of the cholinergic basal 
forebrain is cholinergic [76] while almost all cells express 
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(1997). 


[76] Gritti et al (1993); 
Jones and Miihlethaler 
(1999). 



[77] Lo Conte etal 
(1982); Szyrausiak (1995); 
Jones (1993, 1998, 2003b); 
Semba, (2000). 


[78] Nagai et al (1982); 
Pearson etal (1983); 
Gallagher and Holland 
(1994); Sarter and Bruno 
(1997,2000); Everitt and 
Robbins (1997). 

[79] See reviews by Everitt 
and Robbins (1997); Wenk 
(1997); Baxter and Chiba 
(1999); Perry etal (1978). 

[80] Wiley et al (1991). 

[81] Muir et al (1996); 
McGaughy and Sarter 
(1998). 

[82] Buzsaki and Gage 
(1989); Berntson et al 
( 2002 ). 


the adenosine Al receptor. The finding that IP treatment 
produced a reduction of 19% in adenosine Al receptor 
mRNA in the entire tissue volume, suggested that there 
was approximately a 57% reduction in adenosine Al 
receptor mRNA in cholinergic neurons, since only the 
cholinergic neurons show NF-kB translocation. This per¬ 
centage is hence highly compatible with the observed 
sleep deprivation-induced nuclear translocation of NF-kB 
in 75-80% of cholinergic neurons. This evidence thus pro¬ 
vides more support for the intracellular signaling pathway 
outline in Fig. 13.7. 


13.1.6. Sleep-Mediated Alterations in 

Behavior: Possible Relationship to 
Adenosine-Induced Changes in the 
Basal Forebrain Cholinergic System 

In the basal forebrain, both cholinergic and 
noncholinergic neuronal activity are associated with promot¬ 
ing wakefulness [77]. The somnogenic effects of adenosine 
may be due to the inhibition of neuronal activity in both 
cholinergic and noncholinergic neurons of the basal 
forebrain. In addition, the modulatory effects of sleep 
deprivation on the Al adenosine receptor mRNA and 
transcription factor NF-kB activation in the cholinergic 
basal forebrain, suggest the significance of an adenosiner- 
gic pathway in the long-term effects of sleep deprivation 
on the quality of ensuing sleep and/or neurobehavioral 
alertness, cognitive functions, and mood. The cholinergic 
neurons in HDB/SI/MCPO target the entorhinal cortex, 
neocortex, and amygdala and regulate aspects of 
cognition and attention, sensory information processing, 
and arousal [78]. Cognitive functions such as learning and 
memory show a correlated decline with degenerating 
cholinergic neurons, as reported in Alzheimer’s patients 
[79]. Wiley et al [80] developed a technique involving 
192IgG-saporin-induced lesioning of p75 nerve growth 
factor (NGF) receptor containing cholinergic cells in rats. 
The cholinergic lesions using this technique resulted in 
severe attentional deficit in a serial reaction-time task [81]. 
The cholinergic basal forebrain is important in cortical 
arousal. Animals with lesioned basal forebrain show 
decreased arousal and increased slow waves in cortex [82]. 
The effects of adenosine on cholinergic basal forebrain 
are thus potentially important as the related sleep depriva¬ 
tion-induced “cognitive” effects may be mediated though 
adenosine. As an initial step, the effects of sleep deprivation 
on five choice serial reaction time behavior in the rat have 
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been examined. Preliminary data [83] on this selective 
attention task indicate a sleep deprivation duration- 
dependent decrease in accuracy, an increased response 
latency, and increased omitted responses but a decreased 
impulsiveness (premature responses). These resemble 
effects of deprivation in man and are highly compatible 
with the effects of basal forebrain cholinergic lesions 
(saporin) in rats [81], but direct microdialysis acetyl¬ 
choline measurements in rats will be needed to prove a 
relationship with decreased cholinergic activity. 


13.2. Cytokines and Other Humoral Factors 

Overview of this section. Early experiments on humoral 
factors relied on transfer of substances from sleep- 
deprived animals including the classic experiments of 
Ishimori [84] and of Legendre and Pieron [85], as did the 
pioneering work of Pappenheimer [86] which directly led 
into the current investigations of the cytokines, including 
IL-1 beta. However, transfer experiments do not currently 
play a role in this field. We have just discussed AD and 
PGD2 in terms of adenosine mediation of its effects. Other 
major factors include IL-1 beta and TNF alpha, discussed 
in detail below, and, to a somewhat lesser extent, growth 
hormone releasing hormone (GHRH). They promote 
non-REM sleep in various species, inhibition of their 
action or endogenous production results in loss of sponta¬ 
neous sleep, and their synthesis and/or release display 
variations correlating with sleep-wake activity. Although 
the source of these substances vary, they all may be charac¬ 
terized as primarily enhancing sleep by acting in the 
basal forebrain/anterior hypothalamus-preoptic region. 
It is also characteristic of these substances that they inter¬ 
act in multiple ways, often resulting in mutual stimulation 
or potentiation of each other. Finally, there is a third 
group of substances whose significance in sleep regulation 
is less clear but for which there is some evidence suggest¬ 
ing that they may have a role in modulating non-REM 
sleep. In addition to nitric oxide, this group includes 
oleamide, cortistatin, cholecystokinin (CCK), uridine, and 
insulin and are not further discussed in this chapter but 
are reviewed in detail in Obal and Krueger [87]. This 
section first discusses the cytokines (IL-1 beta and TNF 
alpha) in some detail and then takes up GHRH and 
concludes with a brief discussion of somatostatin and its 
role in inhibiting GHRH. 


[83] Cordova etal (2003). 


[84] Dialysates of brain 
homogenates, reviewed in 
Inoue (1989). 

[85] CSF, serum, and 
emulsion of cerebral 
cortex, Legendre and 
Pieron (1913). 

[86] Miller et at (1967). 


[87] Obal and Krueger 
(2003), the present chapter 
draws on the information 
in this review. 



[88] Krueger has com¬ 
mented, “Every substance 
thus far identified as being 
part of the sleep regulatory 
cascade also has additional 
biologic activities. This 
issue of specificity of 
response elicited by sub¬ 
stances within multiple 
pleiotropic redundant 
pathways is a central prob¬ 
lem in biology. A major 
challenge to sleep research 
is to define how and where 
these molecular steps 
produce sleep.” Krueger 
etal (1998). 

[89] Breder et al (1988, 
1993). 

[90] See Saper and 
Sawchenko (2003). 

[91 ] This is a controversial 
area. The review by 
Vitkovic et al (2000) sum¬ 
marizes the studies showing 
and not showing IL-1 
in neurons (strongest 
evidence in hypothalamus, 
cortex has mixed results), 
with weaker evidence for 
TNF alpha. These authors 
conclude that the evidence 
is equivocal for genes in 
neurons coding for these 
factors. Renauld and 
Spengler (2002) present 
evidence in cultures of pri¬ 
mary hippocampal neu¬ 
rons and of tumor cells for 
TNF mRNA in the cells and 
protein in the supernatant 
following alpha 2 adrener¬ 
gic receptor activation and 
potassium depolarization. 
Ringheim etal (1995) 
found evidence for IL-6 
mRNA in cultured murine 
cortical neurons. 

[92] Krueger and Obal 
(2003). 


13.2.1. Introduction and Overview of the 

Cytokines: Interleukin-1 Beta and Tumor 
Necrosis Factor Alpha (IL-1 Beta and 
TNF Alpha) 

Cytokines act in autocrine, paracrine, and endocrine 
systems to regulate important facets of the immune 
response, such as the acute phase response, where they 
trigger constitutional symptoms of acute illness such as 
malaise as well as behavioral manifestations such as somno¬ 
lence, anorexia, fever, and social withdrawal. Most aspects 
of the acute phase immune response are driven by a 
complex array of cytokines in association with classical 
stress hormones. Cytokines have also been hypothesized 
to be involved in processes such as sleep, food intake, 
development, and gastrointestinal function. 

A difficulty facing sleep researchers is disambiguating 
the sleep-related control features of the cytokines from 
those involved in immune and stress responses, both of 
which increase cytokine production. There seems to be lit¬ 
tle doubt that the cytokines are responsible for the somno¬ 
lence accompanying immune responses (see below) and 
the evidence for the cytokines’ role in sleep independent 
of the immune response has been detailed [87]. However 
the involvement of cytokines in multiple processes and 
their complicated interactions make clear-cut conclusions 
about mechanism of action difficult. Fig. 13.11 summa¬ 
rizes this complexity of interaction [88]. 

An important issue with cytokines is their cellular 
origin in the brain. There is ample evidence of their origin 
in glia (see below), but data on their origin in neurons is 
less strong due to uncertainties of immunostaining. 
Although early studies suggested that both IL-1 beta and 
TNF alpha can be localized to neurons in the brain with 
immunocytochemistry [89], it has been difficult to con¬ 
firm these observations with other antisera or by in situ 
hybridization histochemistry (Saper, personal communi¬ 
cation, January 2004), and these older results were not 
subject to the modern criterion that immunostaining 
should be abolished in genetic knockout animals [90]. 
Because these and other cytokines can be expressed by 
microglial cells and by astrocytes, the presence of cyto¬ 
kines in neurons in normal brains and under pathological 
conditions must be considered with caution [91]. 

Krueger and Obal [92] have stated a theory of local 
generation of sleep in brain regions active in wakefulness. 
Their theory of sleep function and generation postulates 
that cytokines serve a key role in local generation of sleep. 
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Figure 13.11. Interleukin (IL)-l beta and TNF alpha are part of the cascade of events involving several 
other endogenous somnogenic substances and sleep inhibitory substances. Substances in boxes inhibit 
non-REM sleep and inhibit either the production of or action of substances in the somnogenic pathways. 
Note that inhibition of any one step does not result in complete sleep loss. Krueger and colleagues 
postulate that animals compensate for the loss of any one step by relying on parallel somnogenic 
pathways and that these redundant pathways provide stability to the sleep regulatory system as well as 
alternative mechanisms by which a variety of sleep-promoting or sleep inhibitory stimuli may affect sleep. 
Solid arrow indicates stimulation; solid line indicates inhibition. Courtesy of Dr. J. Krueger. 


The theory postulates that cellular electrical activity within 
neuronal groups (use-dependent activity) leads to the 
production of cytokines which act as sleep-promoting sub¬ 
stances within the local neuronal network. The somnogenic 
cytokine growth factors induce molecules necessary for 
synaptic connectivity, thereby changing the synaptic activa¬ 
tion patterns within neuronal groups, inducing changes in 
the input-output relationships of neuronal groups and 
causing a neuronal group state shift. Altered input-output 
relations result in increased efficacy of some synapses. Sleep 
is thus targeted to active neuronal groups and functionally 
serves to incorporate novel stimulus patterns into a synaptic 
contextual network and also to preserve that network. 
After the neuronal group state shift, environmental input is 
divorced from output. Sleep is useful to keep the animal 
stationary at a time when its brain is most dysfunctional. 

We note that the very small amounts of cytokines 
produced has made it difficult to test the theory of local¬ 
ized, use-dependent production of cytokines by direct 
measurement of their production, although Section 13.2.3 
below discusses the use of cytokine inhibitors [93]. As 
reviewed below, in addition to this “local” theory of sleep, 
Obal and Krueger [87] also postulate that cytokines may 
act to induce sleep through more centralized sleep control 
systems [94]. 


[93] A potential problem 
in the mechanism of the 
state-shifting paradigm is 
that lasting synaptic con¬ 
nectivity change would 
require a longer time 
duration than the six or 
fewer hours of sleep depri¬ 
vation required to cause 
the sleep synchronization 
effects. We note that, even 
without neuronal localiza¬ 
tion, cytokines could be 
produced by glia as a result 
of neuronal activity, and 
thus the neuronal locus of 
production does not 
appear critical to this the¬ 
ory, although it makes the 
mechanism more complex. 

[94] Krueger and Majde 
(2003) have a thoughtful 
review of the major 
research questions and 
issues in cytokines and 
sleep. 




13.2.2. Interleukin-1 Beta (IL-1 Beta) 


587 


[95] Krueger etal (1984). 


[96] Takeuchi and Akiara 
( 2001 ). 


[97] Reviewed in Sporri 
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[100] Krueger (1990). 


[101] Opp et al (1991); 
Susie and Totic (1989). 
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IL-1 beta has a molecular weight of about 17 kD, and 
was the first cytokine for which sleep-promoting activity 
was described [95]. There are two IL-1 receptors, Types I 
and II, and the three IL-1 ligands (alpha, beta, and the 
antagonist, IL-1 RA) bind to both receptors, although 
only the beta ligand appears to have substantial sleep pro¬ 
moting properties. The receptors are part of the Toll-like 
receptor family [96] with other members of this family also 
contributing to host defense and perhaps probably to 
sleep as well. (Drosophila Toll protein is a transmembrane 
receptor whose function is to recognize the invasion 
of microorganisms as well as to establish dorsoventral 
polarity.) The Type I receptor is the signal transduction 
receptor, triggering complex signaling cascades leading to 
NF-kB activation, activation of mitogen-activated protein 
kinases and PKC, as well as induction of other second 
messengers including intracellular calcium (see below), 
cAMP, and ceramide [97]. IL-1 beta is produced by glia 
and endothelial cells and the receptors are also found on 
a variety of cell types, including neurons [98]. The steps 
in the release of IL-1 beta with respect to sleep-cycle 
control are poorly defined, although release with inflam¬ 
mation and infection is well documented. As discussed 
above, while “use-dependent release” of IL-1 beta has been 
postulated to occur, there is no direct evidence. 

Injection of IL-1 beta either directly into brain areas, 
ICV, intravenously (IV), or intraperitoneally (IV) enhances 
SWS [99] and also produces hyperthermia. Hyperthermia 
itself may increase SWS, but blocking the hyperthermic 
effects of IL-1 beta does not block the non-REM sleep- 
inducing effects [100]. The argument that IL-1 beta is 
important in the hypersomnia associated with infections 
is thus strong. 

The sleep-promoting effects have complex dependen¬ 
cies on injection dose and timing. In rats and cats low 
doses of ILrl beta promote non-REM sleep while higher 
doses inhibit non-REM sleep [101]. Moreover, some doses 
of IL-1 beta promote non-REM sleep after nighttime injec¬ 
tions while the same dose given during the day suppresses 
this sleep phase [102]. In addition to enhancing the dura¬ 
tion of non-REM sleep, IL-1 beta also induces enhanced 
EEG slow-wave activity [95]. 

As illustrated in Fig. 13.12, Obal and Krueger [87] 
suggest that the somnogenic effects of IL-1 beta occur 
both through local action and also through effects on 
other somnogenic systems in the brain, including stimula¬ 
tion of sleep-active neurons in the POAH, upregulation of 
the GHRH system, stimulation of PGD2 production, 
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Figure 13.12. Hypothesized mechanisms of action of IL-1 in production of non-REM sleep. Note there 
are both local actions on sleep-active neurons as well as activation of other systems important in non-REM 
sleep. Adapted from Obal and Krueger, 2003. 


modulation of 5HT activity in the DRN, and enhancement 
of adenosine release. The strongest evidence for adeno¬ 
sine release is in hippocampus where, in vitro , application 
of IL-1 beta decreased glutamate neurotransmission, an 
effect obviated by pharmacological blockade of adenosine 
A1 receptors, and thus suggestive of adenosine release; the 
authors proposed that the adenosine release may have 
been mediated by the metabolic effects of IL-1 beta [103]. 
Injection of IL-1 beta into the locus coeruleus (LC) [104] 
or dorsal raphe [105] induces enhanced non-REM sleep. 
In contrast application of IL-1 beta into the hypothalamic 
PVN induces wakefulness [106] perhaps through activa¬ 
tion of the corticotropic system. In a more extensive study, 
IL-1 beta injection into several ventricular sites and 
subarachnoid sites resulted in enhanced sleep [107], 
The most active sites were those in close proximity to the 
anterior hypothalamus. Within the anterior hypothalamus/ 
preoptic area, there is preliminary (abstract) data indi¬ 
cating IL-1 beta excites sleep-active neurons and inhibits 
wake-active neurons [108]. 

Mutant mice lacking the IL-1 type I receptor do not 
exhibit sleep responses if given IL-1, thereby implicating 
the type I receptor in IL-1 beta-induced sleep responses; 
these mutant mice also have less spontaneous non-REM 
sleep than their control strain and this effect is greatest 
during dark hours [109]. 

Brain levels of IL-1 or ILrl beta mRNA vary with sleep 
propensity. CSF levels of IL-l-like activity in cats vary with 
the sleep-wake cycle [110]. In rats, highest hypothalamic 
levels of IL-1 beta and ILrl beta mRNA occur at the begin¬ 
ning of daylight hours, a time when rat non-REM sleep is 
maximal [111]. Further, sleep deprivation results in 
enhanced hypothalamic II A mRNA levels [112]. In 
humans, peak levels of IL-1 occur at sleep onset, and levels 
also increase during sleep deprivation [113]. 
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[109] Fang et al. (1998). 
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[111] For IL-1 beta see 
Nguyen et al (1998); for 
IL1 beta mRNA see Taishi 
etal (1997). 

[112] Mackiewicz et al. 
(1996). 

[113] e.g. Uthgenannt 
etal. (1995). 




[114] Nguyen et al (1998). 


[115] Kriegler a/. 
(1998). 


[116] Reviewed by Spriggs 
etal (1992). 


[117] Breder etal (1993); 
Cheng etal (1994). 


[118] See, for example, 
Yang etal (2002). 

[119] For fever see Saper 
and Breder (1992); for 
food intake see Plata- 
Salaman (2000). 

[120] Haack etal (2001). 

[121] Merrill (1992). 

[122] Shoham etal (1987). 


Relevant to the task of disambiguating stress effects 
from sleep control aspects of IL-1, the Nguyen et al [114] 
study found that stress increased IL-1 beta protein in hypo¬ 
thalamus and hippocampus but not in cerebellum or pos¬ 
terior cortex. However, without stress there was a clear 
diurnal rhythm in these regions, compatible with an IL-1 
beta role in sleep control. These data do suggest the need 
to consider the possibility of stress-induced effects in sleep 
deprivation experiments looking at effects on cytokines. 

The site(s) of action of IL-1 beta responsible for sleep 
remains to be determined in a definitive way. Results from 
microinjection studies suggest that IL-1 beta may act at multi¬ 
ple action sites (Fig. 13.10), while there is an extensive litera¬ 
ture implicating the anterior hypothalamus for the site of 
IL-1-induced fevers as well as suggestions that diurnal varia¬ 
tions are also localizable to the hypothalamus (e.g., see 114). 


13.2.3. Tumor Necrosis Factor Alpha 
(TNF Alpha) 

TNF alpha is synthesized as a 26 kD membrane associ¬ 
ated protein [115]. Soluble TNF alpha, a 17 kD protein, is 
cleaved from the 26 kD membrane associated protein by 
TNF alpha converting enzyme. TNF alpha production is 
tightly regulated in a tissue-specific manner [116] with 
transcription, translation, and secretion all controlled at 
multiple points. 

TNF alpha is expressed by microglia and astrocytes, 
with some limited evidence for its presence in neurons (see 
above); it has a variety of biological actions in the central 
nervous system including a role in mediating brain damage 
and in neuroprotection [117]. TNF alpha, like IL-1 beta, 
may serve as either a neuroprotective or cell death agent, 
although the neuroprotective function dominates. Both 
TNF receptors signal by recruitment of cytosolic proteins via 
protein-protein interaction domains. The receptor type 
(55 or 75 kD) and associated intracellular protein adaptor 
molecules are likely important determinants of cellular 
specificity of action [118]. TNF alpha participates in mediat¬ 
ing whole organism processes including fever and food 
intake [119]. The effects of systemic bacterial products such 
as endotoxin may also involve TNF. For instance, in 
humans, endotoxin doses that induce transient increases in 
sleep also induce concomitant increases in circulating 
TNF alpha [120]. TNF alpha also plays a role in brain 
development and plasticity [121]. 

The ability of TNF alpha to promote non-REM sleep 
was first described in 1987 by Shoham et al [122]. TNF 
enhances non-REM sleep when given to mice, rats, rabbits, 
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or sheep [87, 123]. Its inhibition results in reduced 
spontaneous non-REM sleep and reduced sleep rebound 
after sleep deprivation [124], TNF mRNA levels and TNF 
protein vary in the hypothalamus and cerebral cortex with 
sleep propensity; for example, highest levels occur in rats 
at the onset of daylight hours, the rat sleep period [125]. 
Sleep deprivation increases hypothalamic TNF alpha 
mRNA, brain expression of the 55 kD TNF receptor 
mRNA, and circulating levels of TNF and the 55 kD TNF 
soluble receptor, and in healthy humans blood levels of 
TNF alpha correlate with EEG slow wave activity [87]. 

Several disorders which affect sleep are associated 
with elevated TNF and sleepiness, including sleep apnea, 
AIDS, and chronic fatigue patients; the sleep response to 
endotoxin also may be related to the higher levels of TNF 
elicited by this substance [87]. 

Mice lacking the TNF 55 kD receptor sleep less 
than corresponding control strains; the reduced non-REM 
sleep occurs mostly during daylight hours [126]. In 
contrast, mice lacking the IL-1 Type I receptor sleep less 
than controls during dark hours [109]. 

Krueger and Obal [92] suggest that TNF alpha, like 
IL-1 beta, may be produced as a consequence of use- 
dependent neuronal activity and thus may be one of the fac¬ 
tors providing local control of sleep. In addition, Obal and 
Krueger [87] cite studies indicating that TNF likely acts on 
other sleep-wake systems including PGD2, LC, and the pre¬ 
optic area, where microinjection of TNF alpha enhanced 
and a TNF alpha inhibitor suppressed spontaneous non- 
REM sleep in rats. Yoshida et al [127] have demonstrated in 
rats that ipsilateral cortical injections of TNF alpha increase 
slow-wave activity and delta power on the injected side. 
Moreover, sleep deprivation-induced increased slow wave 
activity and delta power are ipsilaterally attenuated on the 
side of the microinjection of an inhibitor of TNF alpha 
action, TNF soluble receptor, as illustrated in Fig. 13.13. 


13,2.4, Other Humoral Systems 

13.2.4.1. Growth Hormone Releasing Hormone 
(GHRH) 

GHRH-containing neurons reside in the arcuate 
nucleus (Arc), around the ventral surface of the ventro¬ 
medial nucleus (periVMN), and in the parvicellular portion 
of the PVN. The GHRH released from terminals in the 
median eminence is taken up by the blood and is carried 
into the anterior pituitary where it stimulates GH secretion. 
A much smaller number of GHRHergic neurons are found 
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Figure 13.13. The TNF soluble receptor (TNFSR) attenuates sleep-deprivation enhancements of EEG 
slow-wave power. A: EEG Slow Wave Activity (SWA) during non-REM sleep (NREMS). B: Power spectrum 
analyses of data obtained in hours 0-6 post sleep deprivation. The power (pV2) for each rat in each 1-Hz 
frequency bandwidth was determined on a saline baseline day and on another day after sleep deprivation 
plus unilateral TNFSR injection. Open circles represent values obtained from the noninjection side after 
sleep deprivation minus values obtained from that same side during the baseline day. Closed circles are 
values obtained form the TNFSR-injected side after sleep deprivation minus values obtained from the 
same side during the baseline day. * indicates p < 0.05. The bars indicate the frequencies at which the 
significant differences occurred. Wake and REM slow-wave activity and delta power were not affected. 
Adapted from Yoshida et al , 2004. 
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around the VMN, close to the Arc nucleus, and in the 
parvicellular portion of the PVN. These extraarcuate 
GHRHergic neurons seem to innervate the PVN and the 
anterior hypo thalamus/preop tic area (POAH). Promo¬ 
tion of sleep is the function of intrahypothalamic GHRH 
action: microinjection of GHRH into the POAH enhances 
non-REM sleep, whereas administration of a GHRH antag¬ 
onist into this region inhibits spontaneous non-REM sleep 
and recovery after sleep deprivation [128]. That diurnal 
and sleep deprivation-induced changes in GHRH mRNA 
are detected in the periventromedial and paraventricular 
neurons suggests that the extraarcuate GHRHergic neu¬ 
rons are important for sleep regulation, although some 
intraarcuate neurons may innervate the hypothalamus 
and thus may also modulate sleep. There is relatively little 
direct information on cellular and membrane effects of 
GHRH in the POAH, although GHRH has been reported 
to increase cytosolic calcium in GABAergic cultured 
hypothalamic neurons obtained from fetal rats [129]. 

There is considerable evidence in a number of species 
that injections of GHRH promote non-REM sleep [87]. Data 
also indicate that decreases in GHRH lead to decreases in 
SWS. Suppression of endogenous GHRH actions by means 
of immunoneutralization of GHRH [130] or by means of a 
competitive antagonist [131] is followed by decreases in 
SWS. SWS decreases are found in mutant dwarf rats (dw/dw 
rats) [132] and, in preliminary (abstract) data, in mice 
(lit/lit mice) with GHRH receptor deficiencies [133], and in 
transgenic mice with decreased GHRH production [134]. 
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With respect to response to sleep deprivation, immunoneu- 
tralization of GHRH blocks the non-REM sleep response to a 
3-hr sleep deprivation in rats [130]. Further, deprivation- 
induced increases in EEG slow-wave activity are greatly atten¬ 
uated in the dw/dw rats with a defect in GHRH receptor 
signaling [132]. However, the sleep responses to sleep depri¬ 
vation are essentially normal in the lit/lit mouse (4-hr sleep 
deprivation) with nonfunctional GHRH receptors [87]. 
Recovery sleep after 12 hr of sleep deprivation is also normal 
in the transgenic Mt-rGH mice, which express rat GH 
stimulated by the promoter region of the metallothionein 
gene, although these mice have less GHRH [134]. The cause 
of these differences is currently not known but suggests that 
mediation of the sleepiness following sleep deprivation is not 
likely a primary function of the GHRH system. 

With respect to function, the GHRH system is capable 
of synchronizing the anabolic processes of the body to a 
state when rest occurs, and, indeed, most GHRH release 
occurs during the first part of the sleep phase. However 
the precise nature of regulation of this system, for exam¬ 
ple, potential feedback through the GHRH system about 
anabolic needs and the subsequent transmission to POAH, 
remains unclear. 

13.2.4.2. Somatostatin 

Somatostatin is a cyclic peptide found both in 
pancreas and in the gastrointestinal system as well as in brain. 
While there are other brain actions, its suppressive effects 
on non-REM sleep appear to be mediated by its inhibition 
of GHRH-containing neurons. Somatostatinergic neurons 
that project to hypophyseal GHRH neurons and to their 
terminals in the median eminence are located in the 
periventricular nucleus while somatostatinergic interneu¬ 
rons act on GHRH neurons in the Arc nucleus [135]. 
Somatostatin also inhibits the release of growth hormone 
by GHRH. As in the case of GHRH, the details of how this 
particular system might be regulated with respect to sleep 
function are currently unclear. 


13.3. The Ventrolateral Preoptic Area (VLPO) 
and Active Control of Sleep 

13.3.1. Identification of Sleep-Active Neurons 
in the VLPO 


[135] See data and review 
in Lanneau etal (2000). 


Based on his neuropathological observations on 
patients who were victims of the encephalitis lethargica 



[136] von Economo 
(1930). 


[137] For review see 
Szymusiak (1995). 

[138] Sherin etal (1996). 


[139] Sherin et at (1998). 


[140] See also Steininger 
etal (2001). 


[141] Szymusiak et al 
(1998). 


epidemic at the time of World War I, von Economo [136] 
predicted that the anterior region of the hypothalamus 
near the optic chiasm would be found to contain sleep- 
promoting neurons, whereas the posterior hypothalamus 
would contain neurons that promote wakefulness. Indeed, 
electrophysiological recordings of basal forebrain/ante- 
rior hypothalamic neurons indicated that some of these 
neurons selectively discharge during non-REM sleep, and 
this might represent an active sleep-promoting mecha¬ 
nism although the precise anatomical localization 
remained unclear [137]. 

In 1996 Sherin and colleagues [138] used Fos 
immunohistochemistry in the hypothalamus to identify 
sleep-active neuron cells, which were found to be clustered 
in the VLPO area. As shown in Fig. 13.14, the extent of Fos 
immunoreactivity was directly proportional to the dura¬ 
tion of time the experimental animals slept, regardless of 
circadian phase. An important feature of the data was that 
the animals that failed to fall asleep following sleep depri¬ 
vation showed little or no Fos expression in the VLPO, 
indicating this area was not involved in the induction of 
non-REM sleep, in contrast to adenosine, but rather the 
maintenance of this state. 

Double labeling with the retrograde tracer cholera 
toxin B showed that these neurons projected to the 
tuberomammillary nucleus. This nucleus is the locus of 
the histamine neurons that are selectively active in arousal 
and may comprise an important element of arousal sys¬ 
tems. Nearly 80% of the retrogradely labeled VLPO neu¬ 
rons contained both the GABA-synthesizing enzyme 
glutamic acid decarboxylase (GAD) and the peptide 
galanin [139]. Electron microscopy confirmed that the 
VLPO terminals onto tuberomammillary nucleus (TMN) 
neurons were immunoreactive for GABA and made sym¬ 
metric synapses. VLPO neurons also innervated, although 
less intensely, the dorsal and median raphe nuclei and the 
LC [140]. Fig. 13.15 Part A schematizes the most impor¬ 
tant VLPO efferent connections and Part B summarizes 
the afferents. 

Since Fos expression does not necessarily imply 
increased discharge activity, it is important that chronic 
microwire recordings in the lateral POA found that neu¬ 
rons with increased discharge rates during sleep com¬ 
pared with wakefulness were most densely located in the 
same VL hypothalamic region, the VLPO, as those with Fos 
expression [141] (Fig. 13.16). Following sleep deprivation, 
VLPO neuronal discharge rates during non-REM sleep 
were increased, but discharge rates in wakefulness were 
not changed, thus agreeing with the Fos data indicating 
that VLPO neuronal activation is related to sleep 
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f % total sleep time preceedlng sacrifice (1 h) 


Figure 13.14. Panels a through c are Fos-immunostained coronal sections through the preoptic hypothal¬ 
amus of freely behaving rats that slept 15% (a) and 63% (b) and a sleep-deprived rat that slept 83% (c) of 
the hour before they were killed. Panel d is the correlation between the number of Fos-immunoreactive 
(Fos-ir) cells counted in each preoptic sector containing the ventrolateral preoptic area (VLPO) (shown 
in a) and % total sleep time for the freely behaving rats (closed circles, solid regression line, r = 0.74, 
p< 0.0001) and sleep-deprived rats (open circles, dashed regression line, r — 0.70, p< 0.0001). OC, 
optic chiasm. Scale = 150 p,M. Modified from Sherin et al., 1996. 


occurrence and not to sleep propensity. For the group of 
VLPO neurons with increased discharge rate during sleep 
vs wakefulness, mean non-REM and REM sleep discharge 
rates did not differ. Szymusiak and colleagues [141] noted 
that increased discharge from the non-REM sleep-selective 
neurons tended to increase prior to the onset of sleep, 
leading to a postulate that these neurons might play a role 
in sleep induction. This finding is not easily reconciled 
with the Fos data in which animals with sleep deprivation 
but no sleep did not show increased Fos expression. 



Figure 13.15. Panel A. Schematic of a saggittal section of the 
basal forebrain and hypothalamic areas in the mammalian 
brain showing important ventrolateral preoptic area (VLPO) 
connections. Note projections to brainstem sleep-wake related 
centers and to lateral hypothalamus. Only two efferents are 
indicated here: very strong histaminergic input from the 
tuberomammillary nucleus (TMN) and the polysynaptic input 
from suprachiasmatic nucleus (SCN). Unpublished figure, C. 
Sinton and R. McCarley. Panel B furnishes more detail. 
Saggittal summary diagram of the afferents to the VLPO. 
Major regions projecting to the VLPO are indicated by dots, 
with one dot indicating roughly 10 retrogradely labeled neu¬ 
rons (counted in every fifth section, average of 3 cases). Line 
thickness roughly indicates intensity of varicosity density in 
VLPO core, which does not always correlate with density of ret¬ 
rograde labeling. Circles indicate the sources of greatest densi¬ 
ties of varicosities labeled for arousal neurotransmitters or 


anterograde tracer in the VLPO core. Because the ventral 
subiculum does not appear in the sagittal level shown, retro¬ 
gradely labeled neurons in the ventral subiculum are depicted 
more dorsally than they appear in the brain. Adapted from 
Chou et al y 2002. Abbreviations for panels A and B: VLPO, ven¬ 
trolateral preoptic area; LH or LHA, lateral hypothalamus 
area; DMH, Dorsomedial hypothalamic nucleus; TMN, tubero¬ 
mammillary nucleus; BF, basal forebrain; MnPO, Median pre¬ 
optic nucleus; MPN, Medial preoptic nucleus; LS, lateral septal 
nucleus; ILC, Infralimbic cortex; TT, Tenia tecta; ac, anterior 
commissure; HDB, Horizontal limb of the nucleus of the diag¬ 
onal band; SCN, suprachiasmatic nucleus (SCN); DR or 
DRN/MRN, dorsal/median raphe nucleus; PBcl, Parabrachial 
nucleus, central lateral subdivision; LDT/PPT, laterodorsal 
tegmental and pedunculopontine tegmental (LDT/PPT); LC, 
locus coeruleus; RMg, Raphe Magnus; VLM, ventrolateral 
medulla; NTS, nucleus of the solitary tract. 
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NonREM/Wake 

Ratio 

•01-.39 

■ .40-.79 

■ .80-1.19 

■ 1.20-1.99 

■ > 2.00 



Figure 13.16. Superimposed reconstructions of microwire passes from 7 animals, showing the location 
and sleep-waking discharge rate ratios of recorded cells, displayed on a drawing of a coronal section 
through the preoptic-anterior hypothalamic area. The gray scale coding of non-REM/waking discharge 
rate ratio is shown on the left. Note the concentration of cells with sleep-related discharge in the ventral 
one-third of the microwire passes. Abbreviations: ac anterior commissure; oc optic chiasm; fx fornix. 
Modified from Szymusiak et al, 1998. 


13.3.2. Lesions of VLPO and the Extended 
VLPO and Effects on Sleep 

To study the effects of cellular loss on sleep, Lu et al 
[142] made small exci to toxic lesions in the lateral preoptic [M2] Lu et al (2000). 

area by microinjecting ibotenic acid and comparing the 
numbers of remaining Fos-ir cell bodies in the VLPO cluster 
and the surrounding area, termed the extended VLPO, 
with the changes in sleep behavior. In animals with more 
than 70% bilateral cell loss in the VLPO proper, the 
amounts of both NREM and REM sleep were reduced by 
about 55%. The loss of neurons in the VLPO proper corre¬ 
lated closely with the loss of NREM (r = 0.77), but did not 
correlate significantly with loss of REM sleep. However, the 
loss of Fos-ir neurons in the extended VLPO correlated 
closely with the loss of REM sleep (r = 0.74), but did not 
show a significant correlation with the loss of NREM sleep. 

Conversely, when rats were exposed to a period of 
darkness during the day, a condition that doubles REM 
sleep time, there was a concomitant increase in Fos 
expression in the extended VLPO, but not the VLPO cluster 






[143] Uietal (2002). 


[144] Schonrock etal 
(1991); Yang and Hatton 
(1997); Seutin etal (1989). 


[143] (Fig. 13.17). Retrograde tracing from the LDT, 
DRN, and LC demonstrated more labeled cells in the 
extended VLPO than the VLPO cluster, and 50% of these 
in the extended VLPO were sleep-active. Anterograde trac¬ 
ing showed that projections from the extended VLPO and 
VLPO cluster targeted the cell bodies and dendrites of 
DRN serotoninergic neurons and LC noradrenergic neu¬ 
rons but that the projections did not target the cholinergic 
neurons in the LDT. Because galanin and GABA are 
known to inhibit both TMN and neurons of the LC [144], 
these projections from the VLPO and extended VLPO are 
likely to be inhibitory, and, by implication, so are the DRN 
and cholinergic zone projections. 

In summarizing their functional view of these findings, 
Lu and colleagues in the Saper laboratory [143] propose 
that, during NREM sleep, the sleep-active neurons in the 
VLPO cluster inhibit the activity of the cells in the TMN, 
DRN, and LC by releasing galanin and GABA, thus main¬ 
taining SWS. During the transition from NREM to REM 
sleep, the firing of DRN and LC is further decreased. Lu 
and colleagues proposed that this transition may be attribut¬ 
able at least in part to the recruitment of inhibitory neurons 
in the extended VLPO that further decrease LC and DRN 
firing, thus disinhibiting the LDT and PPT cholinergic cells 
(see discussion in Chapter 11). In addition, if extended 
VLPO efferents end on inhibitory interneurons in the 
LDT/PPT, they could further promote their firing during 
the transition to REM sleep. The connections of the 
extended VLPO neurons and their REM active pattern 
would make them prime candidates to fulfill this role. 




Light B 


Dark 


Extended VLPO 


OC VLPO Chiste 




Figure 13.17. A pair of photomicrographs showing the distribution of Fos-immunoreactive cells in the 
extended VLPO and VLPO cluster in an animal exposed to light (12% REM sleep, A) and in an animal 
exposed to dark treatment (30% REM sleep, B) during the early part of the sleep cycle. The counting 
boxes used for VLPO cluster and dorsal and medial extended VLPO are shown in B. These sections are 
approximately at the level of AP 0.5 in Paxinos and Watson (1986). OC, optic chiasm. Adapted from Lu 
et al., 2002. 
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13.3.3. Relationship of VLPO to Other 
Preoptic Regions and the 
Suprachiasmatic Nucleus 


CHAPTER 13 

With respect to other preoptic regions, Gong et al 
[145] have reported increased Fos expression with sponta- [145] Gong et al (2000). 
neous sleep (09-11 a.m.) compared with forced wakefulness 
in the rat median preoptic nucleus (MnPO) as well as in 
VLPO. They postulated that this area, particularly at high 
ambient temperatures, where Fos expression increased in 
MnPO, might act in concert with VLPO to promote sleep. 

Subsequendy unit recordings in MnPO by this lab [146] [146] Suntsova etal 

revealed that most neurons showed a heightened discharge (2002). 
in both non-REM and REM sleep and it was hypothesized 
that this region might, like VLPO, have GABAergic/gala- 
ninergic cells that inhibited wakefulness promoting systems. 

While there is evidence for MnPO projections to monamin- 

ergic nuclei, to VLPO [147], as well as preoptic projections [147] Chou etal (2002). 
to cholinergic basal forebrain [148], the neurotransmitter f 148 ] Cullinan and 

identity of MnPO cells is unknown. Zaborszky (1991). 

The relationship of VLPO to other state control areas 
is currently under vigorous investigation. The suprachias¬ 
matic nucleus (SCN) projections to the VLPO have been 
shown to be sparse, but the heavy input to the VLPO from 
the dorsomedial hypothalamus (DMH), which receives 
direct and indirect SCN inputs, could provide an alternate 

pathway regulating the circadian timing of sleep [149]. [149] Chou etal (2003). 

Other inputs to VLPO include histaminergic, noradrener¬ 
gic, and serotonergic fibers, lateral hypothalamic area, 
autonomic regions including the infralimbic cortex and 
parabrachial nucleus, and limbic regions including the 
lateral septal nucleus and ventral subiculum. Light to 
moderate inputs arose from orexin and melanin concentrat¬ 
ing hormone neurons, but cholinergic or dopaminergic 
inputs were extremely sparse. 

13.3.4. VLPO and Adenosine 

In vitro studies in the rat of VLPO neurons have 
indicated the presence of inhibitory postsynaptic currents 
(IPSCs) that were fully blocked by bicuculline suggesting 

they are GABA-A-mediated events [52, 150]. Adenosine [150] Strecker^a£ (2000). 

reduced the frequency of spontaneous IPSC’s in 11 of 17 

VLPO neurons (mean reduction 63%). Chamberlin et al 

[151] confirmed and extended this effect of adenosine [151] Chamberlin etal 

on IPSCs, finding it present with bath application of (2003). 

tetrodotoxin, and occurring in neurons expressing 

galanin mRNA. Thus, in addition to a possible direct action 

of anatomically defined inputs to VLPO, it is possible that 





Figure 13.18. Top. Current clamp recording in VLPO. 50 pM adenosine (AD) increased discharge rate. 
Since other experiments indicated GABA-mediated IPSCs were prominent, presynaptic inhibition of 
GABAergic inputs seemed the most likely explanation of this result, as schematised in the bottom 
portion of the figure. Adapted from Morairty et aL, 2004. 
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precisely or exclusively sample the small VLPO region. 
As discussed and referenced in Section 13.1.4.2 and illus¬ 
trated in Fig. 13.6., the Hayaishi laboratory has shown that 
subarachnoid administration of adenosine or its agonists 
promotes sleep and induces expression of Fos protein in 
VLPO neurons. 

It is possible that the VLPO GABAergic inputs arise 
from the lateral hypothalamus or lateral septum [147, 149]. 
Although the function of the lateral septum neurons is 
unknown, they receive extensive inputs from the hippocam¬ 
pus, amygdala, midline thalamus, and brainstem monoami- 
nergic arousal system [152] and thus may relay emotional 
and arousal signals that inhibit VLPO neurons during 
periods of stress or anxiety. Much work remains to be done 
to identify the sources of control of VLPO neurons. 


13.3.5. Modeling the VLPO Control of Sleep 

The precise mechanism controlling the “turning on” 
of the VLPO non-REM sleep-active neurons is unknown, 
although adenosine is a candidate. Disinhibition of VLPO 
neurons by adenosine should inhibit the monoaminergic 
ascending arousal system, and thus induce sleep [138-140]. 
Chou and colleagues recently proposed that mutual inhibi¬ 
tion between the VLPO and ascending monoamine systems 
can act as a bistable “flip-flop” switch [147, 153]. The ten¬ 
dency for each side of the switch to reinforce its own activity 
by inhibiting the other side may be a mechanism for 
ensuring rapid state transitions, from wakefulness to sleep 
and vice versa. By reducing GABAergic inhibition of the 
VLPO, adenosine may act as a homoeostatic sleep signal, 
tilting the balance toward sleep [154]. 


13.4. Orexin/Hypocretin, Narcolepsy, 
and the Control of Sleep and 
Wakefulness 

13.4.1. Background and Identification of 
Orexin/Hypocretin 

An exciting development in sleep research in the late 
1990s was discovery of the important role of neurons 
principally located in the perifornical and lateral hypothal¬ 
amus containing the neuropeptide orexin (alternatively 
known as hypocretin) in behavioral state regulation and 
narcolepsy/cataplexy. Narcolepsy is a chronic sleep disorder 


[152] Staigerand 
Nurnberger (1989). 


[153] Saper etal (2001). 

[154] The presence of the 
REM cycle in the Jouvet 
pontine cat transection 
(Chapter 11) suggests that 
forebrain is not essential 
for the REM cycle. One 
might think of the VLPO as 
providing a “latch” for non- 
REM sleep: It does not initi¬ 
ate the state, based on the 
absence of Fos-ir prior to 
occurrence of the sleep 
state. However the strong 
correlation between the 
duration of sleep and 
intensity of Fos-ir suggests 
that it may maintain the 
state of non-REM sleep. 

The “flip-flop” switch anal¬ 
ogy of Saper and collabora¬ 
tors seems in accord with 
this notion since the mech¬ 
anism, once switched on, 
remains on. In terms of 
modeling, it should be 
noted that bistable mutu¬ 
ally inhibitory centers are 
incapable of generating 
transitions between states 
on their own, since they 
remain in one state until 
reset by external forces. 
These forces remain to be 
identified in the case of the 
VLPO. 



[155] Aldrich (1998); 
Sinton and McCarley 
( 2001 ). 

[156] Lin etal (1999). 


[157] Chemelli etal 
(1999). 


[158] Mignot (1998). 

[159] Nishino etal (2000). 


[160] Thannickal et al 
( 2000 ). 


that is characterized by excessive daytime sleepiness, 
fragmented sleep, and other symptoms that are indicative 
of abnormal REM sleep expression; these latter symptoms 
include cataplexy, hypnogogic hallucinations, sleep-onset 
REM periods, and sleep paralysis [155]. An abnormality in 
the gene for the orexin type II receptor has been found to 
be the basis of canine inherited narcolepsy [156] whereas 
orexin gene knockout mice (—/—) have increased REM 
sleep, sleep-onset REM periods and also cataplexy-like 
episodes entered directly from states of active movement 
[157] (see Fig. 13.19). Cataplexy in canines and rodents 
consists of attacks of sudden bilateral atonia in anti-gravity 
muscles, with consequent collapse; these episodes last from 
a few seconds to a few minutes and are often provoked by 
emotion or excitement, such as food presentation to dogs 
[157, 158]. Confirmation in man of orexin’s importance 
has been provided by Nishino et al [159] who reported that 
narcoleptic humans often have undetectable levels of 
orexin in CSF, and by Thannickal et al [160] who found an 
absence or greatly reduced number of orexin-containing 
neurons in post-mortem studies of individuals suffering 



Figure 13.19. Panel A. Digitally captured infrared video image of orexin knockout mice at 4 weeks of age. 
Note that one mouse (arrow) has completely fallen onto his side in a cataplexy episode (confirmed in 
other mice by EEG). The film shows the fuzziness (motion artifact) associated with body movement in 
behaving acting littermates designated 1 to 3. Panel B. Digitally captured infrared video image of orexin 
knockout mice at 4 weeks of age. Note that one mouse has fallen completely onto his side (arrow), while 
another is collapsed onto his ventral surface (asterisk). Littermates designated 1 and 2 are quietly sleep¬ 
ing in their usual corner of the cage. In both A and B, the dark (active) phase onset was at 5:30 p.m. and 
panel B was recorded at 8:26 P.M. (Panels A and B reproduced with permission from Fig. 3 in Chemelli 
et al, 1999; a video of these episodes is available at http://www.cell.com/cgi/content/full/98/ 
4/437/DC1). 
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from narcolepsy. As well as the control of wakefulness and 
sleep, orexins may have a neuromodulatory role in several 
neuroendocrine/homoeostatic functions such as food 
intake, body temperature regulation, and blood pressure 
regulation, [157,161], 

In late 1997, orexin/hypocretin was identified by two 
independent groups. De Lecea et al [162] identified two 
related peptides, which they termed hypocretin-1 and ~2, 
using a direct tag PCR subtraction technique to isolate 
mRNA from hypothalamic tissue. Shortly thereafter, and 
using a different approach, Sakurai et al [163] identified 
these same two peptides, which they termed orexin-A 
(= hypocretin-1) and orexin-B (= hypocretin-2). Sakurai 
et al [163] used a systematic biochemical search to find 
endogenous peptide ligands that would bind to G protein- 
coupled cell surface receptors that had no previously 
known ligand (orphan receptors) [164], These first two 
reports indicated that neurons containing the orexins are 
found exclusively in the dorsal and lateral hypothalamic 
areas [162,163], and that the orexins may function as neu¬ 
rotransmitters since they were localized in synaptic vesicles 
and had neuroexcitatory effects on hypothalamic neurons 
[162]. Orexin-A and -B are neuropeptides of 33 and 28 
amino acids, respectively; they are derived from a single 
precursor protein. 


13.4.2, Orexin Neuronal Projections and 
Orexin Receptors 

As illustrated in Fig. 13.20, immunohistochemical 
studies revealed a distribution of orexin projections that is 
remarkable for the targeting of a number of distinct brain 
regions known to be involved in the regulation of sleep 
and wakefulness including both brainstem and forebrain 
systems [165]. Orexin projections to forebrain include the 
cholinergic basal forebrain (in the rat this includes the 
horizontal limb of the diagonal band of Broca, the magno- 
cellular preoptic nucleus, and the substantia innominata) 
and the histaminergic TMN. Brainstem targets include the 
pontine and medullary brainstem reticular formation, the 
cholinergic mesopontine tegmental nuclei (including 
the LDT), the LC, and the DRN. 

Two orexin receptors have been identified [163]. 
Orexin-A is a high-affinity ligand for the orexin receptor 
type I (orexin-I), whose affinity for orexin-B is 1-2 orders 
of magnitude lower. The orexin receptor type II (orexin-II) 
exhibits equally high affinity for both peptides. Currently 
there are no ligands sufficiently specific for orexin-I and -II 
receptors to define their distribution. In situ hybridization 


[161] de Lecea et al 
(1998); Peyron et al. 

(1998); van den Pol (1999). 

[162] de Lecea et al 
(1998). 


[163] Sakurai etal (1998). 


[164] de Lecea and 
colleagues (1998) chose 
hypocretin as a name to 
indicate the hypothalamic 
localization and the 
similarity to the gut 
hormone, secretin. Sakurai 
and colleagues chose 
orexin because of their 
initial assumption that the 
peptides would be tied to 
feeding behavior. Both 
names are currently in 
common use in the litera¬ 
ture, although a preferred 
name will likely emerge. 

(In general in the English 
language, shorter names 
come to predominate over 
competing longer ones.) 
We use orexin because we 
find it simpler and more 
euphonious, while recog¬ 
nizing others may prefer 
hypocretin. As used in 
sleep research, both orexin 
and hypocretin suffer from 
an inappropriate deriva¬ 
tion relative to the gut and 
feeding. 

[165] Elias etal (1998); 
Peyron et al. (1998); Date 
et al (1999); Horvath et al 
(1999b); Nambu et al 
(1999). 
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Figure 13.20. Schematic sagittal section drawing of location of orexin-containing neurons (dots in 
hypothalamus) and their widely distributed projection pathways in the rat brain. Modified from Peyron 
etal., 1998. 


[166] Trivedi etal (1998); 
Chemelli etal (1999), citing 
their own unpublished 
data. 


[167] Zhang etal (2004). 


[168] Bernard etal (2003). 


studies of orexin receptor mRNAs [166] have shown a 
diffuse pattern, consistent with the widespread nature of 
orexin projections, although there was a marked differen¬ 
tial distribution of the orexin type I and II mRNAs. Of the 
brainstem regions involved in state control, only the DRN 
and the LC appear to show a predominance of mRNA for 
type I receptors. While orexin-A and -B-positive fibers with 
varicosities were detected in almost all brainstem regions, 
the highest densities were found in the DRN, the LDT, and 
the LC [167]. In vitro [ 35 S] GTPgammaS autoradiography 
for activated G proteins in the rat revealed dose-depend¬ 
ent increases following localized orexin-A administration 
in brainstem LC, pontis oralis and caudalis, and DRN, and 
an increased ACh releases in pontis oralis following 
administration in this region [168]. 


13.4.3, Actions of Orexin at the Cellular Level 


[169] Hagan etal (1999); 
Horvath et al (1999a); 
Bourgin etal (2000). 


Orexin-A has been shown to excite the noradrenergic 
neurons of the LC, providing a mechanism by which 
orexin can promote wakefulness [169] and suppress REM 
sleep in a dose-dependent manner. In vitro work in a trans¬ 
genic mouse with strong GFP expression in the LC that 
was colocalized with immunoreactive tyrosine hydroxylase 
showed that orexin-A and -B increased spike frequency, 
with orexin-A being an order of magnitude more potent; 
the postsynaptic excitation was thought to be mediated by 
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an inward cation current since effects of orexin were 
blocked by substitution of choline-Cl for NaCl [1 VO]. 
Another report suggests excitation occurs through sup¬ 
pression of G -protein-coupled inward rectifier (GIRK) 
channel activity [171]. 

In vitro work in the rat has shown that orexin rather 
uniformly excited GABAergic neurons of the ventral 
tegmental area (VTA) while effects on dopaminergic 
neurons were more complex, with approximately one- 
third being excited, one-third showing development of 
oscillatory burst firing, and one-third showing no response 
[172]. Most neurons depolarized in response to both 
orexin-A and -B (100 nM), a postsynaptic effect (persisting 
with tetrodotoxin application). Single-cell PCR experi¬ 
ments showed that both orexin receptors were expressed 
in both dopaminergic and nondopaminergic neurons. 
Somewhat surprisingly, dopaminergic neurons in sub¬ 
stantia nigra pars compacta were unaffected by orexins, 
while, in contrast, bath application of orexin-A (100 nM) 
or orexin-B (5-300 nM) greatly increased the firing rate of 
GABAergic neurons in pars reticulata [173]. 

In the dorsal raphe, orexin-A and -B acting post- 
synaptically increased the firing rate of serotonin neurons; 
the excitatory effects of orexin were occluded by previous 
application of phenylephrine, suggesting that orexin and 
noradrenergic systems act via common effector mecha¬ 
nisms [174]. Orexin-I-receptor-mediated effects appeared 
to be somewhat stronger than Orexin-II-receptor-mediated 
effects based on both signal strength in single-cell PCR in 
tryptophan hydroxylase-positive neurons and a slightly 
greater number of serotonin neurons responsive to orexin- 
A than -B. Interestingly, agonists of three arousal-related 
systems impinging on the dorsal raphe (orexin/hypocre- 
tin, histamine and the noradrenaline systems) caused an 
inward current and increase in current noise in whole-cell 
patch-clamp recordings from these neurons in brain slices. 
In most cases orexin appeared to activate a mixed cation 
channel with relative permeabilities for sodium and 
potassium of 0.43 and 1, respectively. 

In an in vitro study of the tuberomammillary nucleus, 
both orexin-A and orexin-B depolarized the histaminergic 
neurons and increased their firing rate via an action on 
postsynaptic receptors [175]. The depolarization was 
associated with a small decrease in input resistance and 
was likely caused by activation of both the electrogenic 
Na( + )/Ca(2+) exchanger and a Ca(2+) current. A 
single-cell RT-PCR study in this nucleus revealed that most 
tuberomammillary neurons express both orexin-A and -B, 
with stronger expression of the orexin-2 receptor. 
Immunocytochemistry showed that the histamine and 
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orexin neurons were often located very close to each 
other, and appeared to be reciprocal. Other data suggest 
presynaptic effects of orexin [176]. 
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Schematic of Orexin Influences on REM 
Sleep via Brainstem Projections 



Figure 13.21. Top Panel. Localization of effective sites for cataplexy and REM enhancement by micro¬ 
dialysis perfusion of antisense to the orexin receptor II in the pons. Size of the bilateral probe is repre¬ 
sented by rectangles (.25 X 2mm) and probe tip localization for the effective sites is indicated by open 
circles; note these are in reticular formation ventral to the Locus Coeruleus. Triangles represent the inef¬ 
fective sites that received antisense perfusion in a site dorsal (as shown) and caudal (AP —10.25) to the 
target site. All other sites were located between AP —8.8 and —9.5 and are all mapped onto this one coro¬ 
nal brainstem section (-9.3, adapted from Paxinos and Watson, 1997). Probe tips for nonsense perfu¬ 
sion are represented by stars (nonsense = scrambled order of the amino acids in antisense). Probes were 
placed bilaterally in each animal. Antisense perfusion sites are represented by open circles (N ~ 5 sub¬ 
jects) , whereas the nonsense perfusion sites are represented by stars (N = 1). LC, locus coeruleus; LDT, 
laterodorsal tegmental nucleus; LSO, lateral superior olive; Mo5, motor trigeminal nucleus; PnC, caudal 
pontine reticular nucleus; SPO, superior paraolivary nucleus; subGA, subcoeruleus, alpha; subCD, sub¬ 
coeruleus, dorsal; subCV, subcoeruleus, ventral. For identification of unlabeled structures see Paxinos 
and Watson (1997). Adapted from Thakkar et al. 1999. Bottom Panel. Schematic of orexin influences on 
REM control mechanisms. The data from the top panel suggest the orexinergic projections to 
GABAergic neurons may be especially important in control of REM muscle atonia. 
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13.4.4. Orexin and the Control of REM-Related 
Phenomena and Wakefulness 

The knockout and canine narcolepsy data suggested 
that an absence of orexin or a defective orexin-II receptor 
will produce cataplexy. Where might this cataplexy effect 
be mediated? In the absence of an effective antagonist to 
orexin receptors, the author’s laboratory decided to use 
antisense oligodeoxynucleotides (ODN) against the mRNA 
for orexin type II receptors [177], thereby producing a 
“reversible knockout” or “knockdown” of the type II orexin 
receptor. As illustrated in Fig. 13.21 Spatial specificity was 
obtained by microdialysis perfusion of orexin type II recep¬ 
tor antisense in the rat pontine reticular formation (PRF) 
just ventral to the LC (but presumably not affecting the LC, 
which has predominantly type I receptors). This treatment, 
as predicted, increased REM sleep 2- to 3- fold during both 
the light period (quiescent phase) and the dark period 
(active phase). Furthermore, this manipulation produced 
increases in behavioral cataplexy suggesting that the REM 
sleep and narcolepsy-related role of orexin is mediated via 
the action of orexin in the brainstem nuclei that control 
the expression of REM sleep signs. 

Chemelli et al [157] as well as others (David Rye, 
personal communication) have noted a heavy concentration 
of orexin-containing fibers around the somata of choliner¬ 
gic neurons of the basal forebrain. This suggested that 
orexin might not only act on REM-related phenomena but 
also on wakefulness control. Indeed, microdialysis perfu¬ 
sion of orexin into the cholinergic basal forebrain of the 
rat was found to produce a dose-dependent enhancement 
of wakefulness, with the highest dose producing more 
than a 5-fold increase in wakefulness [178]. 


13.4.5. Orexin Release: Linked to Circadian 
Cycle and/or to Behavioral State? 

Remarkably, relatively little is known with certainty 
about whether orexin release is a function of the circadian 
cycle and/or a function of behavioral state. This is an 
important theoretical question, since simulations based on 
the McCarley-Massaquoi-Hobson model described in 
Chapter 12 showed that circadian effects on the REM cycle 
could be faithfully mimicked by postulating an excitatory 
drive on LC and DRN neurons during times of circadian 
activity, with withdrawal of the drive during times of circa¬ 
dian inactivity leading to sleep, an excitatory drive that 
might stem from orexinergic activity. Taheri et al [179] 
described diurnal variation in orexin-A immunoreactivity 
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and prepro-orexin mRNA expression in the rat, findings 
suggestive of a circadian fluctuation in orexin release, as 
did preliminary ELISA orexin assays [180]. 

In the rat, Espana and colleagues [181] evaluated 
differences in the number of neurons immunohistochemi- 
cally double-labeled for Fos and either prepro-orexin in 
the lateral hypothalamus or orexin-A receptors in the LC 
and basal forebrain regions during behaviorally scored, 
spontaneous states of daytime sleeping (DS), daytime 
wakefulness (DW), and nighttime wakefulness (NW) and 
during a “high-arousal” wake state induced by an 80 dB 
white noise (HW). These values were compared with 
double labeling induced by 0.07 or 0.7 nmol orexin-A 
administered ICV. Daytime spontaneous waking was not 
different from DS in the number of Fos-ir nuclei, sug¬ 
gesting a predominating time of day effect rather than a 
state effect per se. Nighttime spontaneous waking was 
associated with an increased number of Fos-ir nuclei in 
orexin-expressing neurons. For all other regions only high 
arousal waking was associated with increased number of 
Fos-ir nuclei in either orexin-expressing or orexin-I receptor¬ 
expressing neurons; this increase was relative to DW, to 
DS, and to NW. Orexin-A administration dose-depend- 
ently increased Fos-ir within orexin-I-expressing neurons. 
The authors concluded that, combined, these observa¬ 
tions support the hypothesis that hypocretin neuronal 
activity varies across the circadian cycle and that waking 
per se does not alter orexin neurotransmission, but that 
particular behaviors that occur during wakefulness are 
associated with increased Fos-ir in both orexin-synthesizing 
neurons and Orexin-I receptor-expressing neurons. 

Yoshida and colleagues [182] used microdialysis and 
125 I RadioImmmunoAssay to measure changes in extra¬ 
cellular orexin-A levels in the lateral hypothalamus and 
medial thalamus of freely moving rats with simultaneous 
sleep recordings. As illustrated in Fig. 13.22, orexin levels 
exhibited a robust diurnal fluctuation; levels slowly 
increased during the dark period (active phase), and 
decreased during the light period (rest phase). Levels 
were not correlated with the amount of wake or sleep in 
each period. Although an acute 4-hr light-shift did not 
alter orexin levels, 6-hr sleep deprivation significantly 
increased orexin release during the forced-wake period. 
Orexin activity is, thus, likely to build up during wakeful¬ 
ness and decline with the occurrence of sleep. These find¬ 
ings, together with the fact that a difficulty in maintaining 
wakefulness during the daytime is one of the primary 
symptoms of orexin-deficient narcolepsy, suggest that 
orexin activity may be critical in opposing sleep propensity 
during periods of prolonged wakefulness. 


607 


ROLE OF ACTIVE 
FOREBRAIN AND 
HUMORAL SYSTEMS 



608 


CHAPTER 13 


a 400- 

£ E 300 - 
x g 

£ ^ 200 - 
O 

1 A A 


“T-1-1 1-1 ’ 

20 8 20 8 20 

Amount of Sleep 
State (min/2hr) 

V 0) (0 

O o o o 

_1_1_1_L_ 

§ 39 ^ 

" 1 l 1 1 ' 

20 8 20 8 20 

0) 

f 38.5- 
8.0 

| o> 37.5 -1 

li 

— OC C _ 


k. SJV 1 j I-1 i 

2 20 8 20 8 20 

m 


Clock time (hr) 



Figure 13.22. Fluctuation of extracellular orexin-A levels in the lateral hypothalamic region in rats under 
12-hr light: 12-hr dark conditions in relation to sleep state and brain temperature (2 hr sample bins, data 
are mean ± SD.) Dark periods are indicated by black bars. Open circles (large) represent orexin-A level, 
open triangles represent wakefulness, open squares represent SWS, Filled squares represent REM sleep, 
and open circles (small) represent brain temperature. On the right side, the mean of each time point 
over the 2.5 days is re-plotted. Adapted from Yoshida et al, 2001. 


The state-related release of orexin-A has been assayed 
by a solid phase radioimmunoassay of microdialysis 
collected samples in the freely moving cat [183]. In the peri- 
fornical hypothalamus and basal forebrain highest levels in 
this minimally circadian animal were present during active 
wakefulness (movement) and in REM sleep, with lower lev¬ 
els in non-REM sleep. However no statistically significant 
differences were detected across states in the LC. The high 
values in wake with movement are compatible with the 
Espana data, but the high REM values seem paradoxical in 
view of the finding that antisense knockdown of the orexin-II 
receptor in the subcoerulean region is associated with more 
REM sleep and muscle atonia [177], as is narcolepsy with 
the inappropriate expression of REM sleep signs. 

The construction of transgenic mice and rats in which 
orexin-containing neurons are destroyed postnatally by 
orexinergic-specific expression of a truncated Machado- 
Joseph disease gene product (ataxin-3) with an expanded 
polyglutamine stretch under control of the human prepro- 
orexin promoter has provided a valuable animal model of 
narcolepsy [184]. The transgenic model is useful because 
there is a gradual post-natal development of cell loss, as in 
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human narcolepsy, and the rat is a useful animal for a trans¬ 
genic model since sleep recordings are of higher quality 
and the sleep behavior of the rat is more fully documented 
than the mouse. In the rat at 4 weeks the number of orexin- 
expressing cells was diminished and continued to decline; 
at 17 weeks, the time of recording, orexin-expressing cells 
were virtually absent, as were their projections. 

This transgenic rat, compared with wild types, showed 
a markedly different REM sleep profile. Sleep onset REM 
(SOREM) episodes were present during the normal 
wakefulness period (dark), averaging 3.8/12 hr recording 
period, but occurred rarely during the light period 
(0.3/12 hr), but SOREM were less frequent than normal 
REM periods (43/light period, 28/dark period). A SOREM 
episode in these rats was essentially identical to a normal 
REM sleep episode with respect to both the EEG frequency 
distribution (marked by the presence of theta), muscle 
atonia, and episode duration. (A SOREM sleep episode was 
defined as REM sleep preceded by not more than 30 s of 
non-REM sleep—in the wild type there is usually about 
2 min of non-REM preceding REM—following at least 60 s 
of wakefulness.) Another behavior resembled human cata¬ 
plexy, with behavioral collapse, absence of muscle tone, but 
with wakefulness-like EEG without the theta peak charac¬ 
terizing REM. These arrests occurred both during the dark 
(mean 4.7 times/12 hr) and light (mean 2.8 times) phases 
and were generally short in duration (10-20 s). They could 
not be triggered by emotional stimuli. 

Perhaps the most striking change in REM percentage 
was the difference in diurnal distribution, as illustrated in 
Fig. 13.23. REM sleep (including SOREM) was approxi¬ 
mately 2-fold increased over the wild type in the normally 
REM-poor dark period, whereas there was a reduction in 
REM%. These data in animals without orexinergic neurons 
argue strongly that diurnal control of the distribution of 
REM sleep is under the control of orexin, and combined 
with the Yoshida et al. [182] data indicate that orexinergic 
activity suppresses the occurrence of REM sleep. These 
data also seem compatible with the McCarley-Massaquoi- 
Hobson model described in Chapter 12 in that REM 
episode duration and overall interREM interval were not 
affected. It is as if the removal of orexin greatly altered the 
probability of the REM oscillator being permitted to turn 
on, allowing it to run during the normally suppression 
period of darkness. This failure to consolidate REM sleep 
into the sleep (inactive) circadian phase is highly character¬ 
istic of human narcolepsy [185]. To our mind this trans¬ 
genic construct and its REM data provide the strongest 
evidence for orexin functioning as a circadian control 
mechanism for the consolidation of REM sleep into the 
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Figure 13.23. Time spent each hour (minutes, mean ± SEM) in (A) REM sleep and (B) wakefulness for 
wild-type rats and their orexin/ataxin-3 hemizygous transgenic littermates. Significant differences 
between the genotypes (Mest, p < 0.05) are marked by an asterisk. The dark period is denoted by the 
horizontal bar. Adapted from Beuckmann et al, 2004. 


inactive phase. It also argues strongly against the theory 
that the role of orexin is a necessary factor in the expres¬ 
sion of sleep-wake behavioral state changes per se, but 
argues for orexin as a modulatory factor shaping the 
circadian phase of occurrence of REM sleep. 

As also shown in Fig. 13.23, in the transgenic rat there 
was an absence of the surge of wakefulness near the end of 
the dark period, corresponding to the peak of orexinergic 
secretion (see Fig. 13.23). This provides further evidence 
of the control of wakefulness by orexin. However, what is 
evident is that the 15% reduction in wakefulness percent¬ 
age during the dark period in the transgenic rat is of a 
much lesser degree than the 100% increase in REM 
percentage. This suggests that the diurnal control over 
REM sleep exerted by orexin is a much stronger effect 
than that over wakefulness, perhaps because of the multiple 
system control of wakefulness. 
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forebrain structures 
adenosine and, 564, 565 
adrenergic receptors, 244—245 


Basal forebrain contd. 

brainstem neuron currents 
acetylcholine-modulated, 223 
norepinephrine-modulated, 244-245 
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phase plane representation of entry into 
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REM-on autoexcitation growth function, 
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REM-on dependence on REM-off inhibitory 
input, 543-545 
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Lotka-Volterra model, simple, 537-538 
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significance of terms, 537-538 
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inhibitory feedback of REM-off neurons, 
518-520 
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connections, 60, 64, 57, 95, 114 
basal forebrain-brainstem, 74 
brainstem afferents to, 84 
neocortical projections of intralaminal 
thalamic neurons and brainstem 
excitation, 105 
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Brainstem, 430 

activation of thalamus and cerebral cortex by, 
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cholinergic neurons 

corticothalamic networks, 140 
spindle generation, 137 
cholinergic influences on REM sleep, 485-487 
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differential alterations in two phases of 
inhibitory response during brain 
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electrophysiology, see Electrophysiology, 
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locus coeruleus, 255 

mesopontine and bulbar reticular formation, 
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humoral factors, see Forebrain and humoral 
systems 

intracellular studies, excitatory responses, 
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oculomotor system, see Motor systems 
orexin neuronal projections, 602 
neurotransmitter-modulated currents, see 
Neurotransmitter-modulated currents 
parallel activating pathways, 391 
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354 
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REM sleep, 469 
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pontine reticular formation, 248-249 
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thalamocortical system dependency, see 

Thalamocortical system, brainstem and 
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Brainstem-basal forebrain circuit, evoked 
potential studies, 350 
Brainstem connections, 56-85 
basal forebrain, 73-76 
histaminergic, 133 
locus coeruleus efferents, 130 
projections to thalamus, 134 
cholinergic nuclei, afferents to, 56-85 
convergent inputs onto single brainstem 
reticular neurons, 76-78 
from basal forebrain and related systems, 
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from hypothalamic areas, 72-73 
from intrabrainstem sources, 78 
from neocortical areas, 76 
from spinal cord and sensory cranial nerves, 
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spinoreticular pathways, 66 
systematization of cholinergic nuclei, 56-61 
to midbrain and bulbar reticular formation, 
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to pontine reticular formation, 78-82, 83 
cholinergic nuclei, efferents, 90-128 

brainstem and spinal cord projections of 
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direct cortical projections, 91-92 
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pontobulbar reticular formation, 

noncholinergic projections from, 
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noncholinergic nuclei and classical 
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thalamic projections, 92—106 
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diffuse modulatory systems, see Diffuse 
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thalamic reticular neurons, 365 
Brainstem reticular formation, 84 
cerebral activation, 383 
connections, 61 
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basal forebrain, 74 
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projections, 105 
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and hippocampal theta, 260 
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noncholinergic neurons, 55 
orexin neuronal projections, 602 
recruitment within reticular pool, 480, 481 
sleep state control schematic, 472 
spindles, 295 

thalamic reticular neuron dual response, 
363-371 

Brainstem reticular neurons 

activity over REM sleep cycle, 462-480 
connections 

convergent inputs onto single neurons, 
76-78 

spinoreticular pathways, 66 
Brainstem-thalamic networks, 139 
electrophysiology, 225-226 
thalamic reticular neurons, dual types of 
responses, 363 

and tonic electrical activation of cerebrum, 
382-391, 392 

bulbar reticular noncholinergic neurons, 
384, 386, 387 

mesopontine cholinergic neurons, 388-391 
midbrain reticular cholinergic neurons, 

384, 385 

Brainstem-ZI axons, 102 
Bremer, F., 2, 3, 5, 20-21 

Bulbar gigantocellular tegmental fields (BFTG), 
83, 91, 453 

afferents to pontine reticular formation, 79, 80 
connections, 117-128 
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Bulbar gigantocellular tegmental fields (BFTG) 
contd. 

cholinergic projections, 112 
noncholinergic brainstem and spinal cord 
projections, 112-117 
neuron morphology, 124, 125, 127 

bifurcating axonal collaterals, organization 
of, 128 

cell sending axons to ipsilateral bulbar 
reticular core, 125-127 
cell size distribution, 118 
dendrites, 123-124 
muscle atonia 

central mechanisms, 453, 454, 456 
other pontine structures and pharmacology 
of, 459 

pontine FTG stimulation and, 82 
pontobulbar reticular projections to 
abducens, 424 

projections of, intrinsic cell morphology and, 
117-128 

Bulbar magnocellular field, 454, 456 
Bulbar nucleus reticularis gigantocellularis, 156 
Bulbar reticular formation, 64, 114 
adrenergic receptors, 243 
behavioral state alterations in mPRF, 470 
brainstem cholinergic nuclei afferents to, 
82-85 

burst neurons, 422-423 

cholinergic neurons in NB nucleus, 394 

connections, 90-91 

brainstem afferents to, 82-85 
cholinergic projections, 112 
cholinergic projections to PPT nucleus, 
110-112 

convergent inputs onto single brainstem 
reticular neurons, 76 

convergent synaptic excitation of midbrain 
reticular neurons, 77 
locus coeruleus, 85-86 
excitability, modulation of, 474, 478 
excitatory amino acids and, 253-254 
gaze control, 438 

muscle atonia, central mechanisms, 452 
nuclei of, 63 

state-dependent alterations in reticular 
excitability, 470, 471 

structural (Reciprocal Interaction) model of 
organization, 515, 516 
terminology, 61 
Bulbar reticular neurons 

projections to thalamic nuclei, 382 
tonic electrical activation of cerebral cortex by 
brainstem thalamic neurons, 384, 386, 387 
Bulbospinal neurons 

locus coeruleus afferents, 86 
paragigantocellularis nucleus, 86 
Bulbothalamic neurons 

and midbrain thalamic neurons, 383 
somatosensory, 350 


Burst cells 

delta waves, 302 
fast rhythmic, 265 
motor system, 420-426, 427 
anatomic connectivity, 424-426, 427 
physiology, 420-423 
neural integrator, 429 
oculomotor system, 418-419 
PGO, 404, 405 
PGO-on, 85, 395, 397, 401 
plastic changes in thalamocortical system 
repetitive callosal stimulation and, 341 
repetitive motor cortex stimulation, 342 
sleep state control schematic, 472 
slow oscillations, 309 
spindle generation, 259 
spindles, 282 

state-dependent alterations in oculomotor 
system function, 441 
Burst mode, 139 
Bursts 

cholinergic neurons in NB nucleus, 394 
intracellular studies, 355 
neocortical interneurons, 149 
PGO-on cells, 395, 397, 399, 400 
PGO waves, 410, 412, 413 
thalamic reticular neurons, 152, 367 
thalamocortical neurons, 347 

electrophysiological properties, intrinsic, 
182-184, 185 
plastic changes, 327, 329 

Caffeine, 562-563 

Cajal, interstitial nucleus of, 426 

Calbindin, 48 

Calcium action potentials 

medial pontine reticular formation, 156, 157, 
158 

locus coeruleus, 242-243 
Calcium-binding proteins, 48 
Calcium conductance 

norepinephrine and, 236, 237 
serotonin and, 246-250 
Calcium currents 
spindles, 287 
thalamocortical neurons 
high-voltage, 185-187, 188 
low-threshold, 181-185 
Calcium-dependent currents 

locus coeruleus pacemaker activity, 172-175, 
242-243 

NMDA receptors and, 250 
Calcium-dependent potassium conductance 
acetylcholine and, 234 
norepinephrine and, 246 
thalamocortical neurons, 189-192 
Calcium depletion, cellular basis of slow 
oscillation, 308 

Calcium entry, plastic changes in thalamocortical 
system, 330 
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Calcium mediated slow spikes, and theta waves, 261 
Calcium mobilization, adenosine-mediated, 578, 
579-580, 582 

Calcium potentials, phase-locked, 261 
Calcium spike, see also Electrophysiology, intrinsic 
properties 

medial pontine reticular formation neurons, 
159-166 

PGO-related, 413 
cAMP, 217, 246 
Carbachol, 458-459 
Carboxyamidotryptamine, 247 
Cardiovascular system 

neuronal control of REM sleep, 477 
sleep state control schematic, 472 
Cataplexy, 604, 605 
Catecholaminergic neurons, 85 
connections 

locus coeruleus, 85 
NB inputs from, 89 
immunohistochemistry, 44 
PPT nucleus, 388 
Cation currents 

excitatory amino acids and, 250 
locus coeruleus pacemaker activity, 172-175 
serotonin and, 246 
thalamic neurons, 181 
thalamocortical neuron hyperpolarization- 
activated, 187, 189 

Caudal intralaminar (CM-PF) nuclei, 98 
Caudal mesencephalon, cholinergic cell 
groups, 382 

Caudal nucleus (RPC) 63, 65, 156, 425, 439, 453 
afferents to pontine reticular formation, 78, 79 
Caudate nucleus 
augmenting response, 336 
basal forebrain projections, 135 
dopaminergic connections, 132 
Central medial (CeM) nucleus 
connections, 105 

convergent synaptic excitation of midbrain 
reticular neurons, 77 

Central superior raphe nucleus (CS), 92, 430 
neocortical projections of intralaminal 
thalamic neurons and brainstem 
excitation, 105 

serotonergic connections, 131, 132 
Central tegmental field (FTC), 74, 405 

afferents to pontine reticular formation, 79 
cholinergic nuclei, 56—57 
connections, 91 

brainstem efferents to thalamic nuclei, 94 
brainstem reticular projections, 100 
locus coeruleus efferents, 129 
terminology, 61-62 
Centrolateral (CL) neurons, thalamic 
intracellular studies, 360 
projections of, 141 
recruiting systems, 332 
spindles, 283, 296 


Centrolateral-paracentral (CL-Pc) nuclei, 104, 
105, 106, 388 

projections to midbrain reticular formation, 

' 68, 69 

spontaneous firing in NREM sleep and 
brain-active states, 347 

Centromedian-parafascicular (CM-Pf) nuclei, 

98, 99 

brainstem reticular projections, 100, 101 
projections to midbrain reticular formation, 
68, 69 
Cerebellum 

abducens projections, 420 
adrenergic receptors, 242 
connections 

BFTG bifurcating axonal collaterals, 128 
locus coeruleus, 85 
sensory signal relays, 68 
thalamic projections to midbrain reticular 
formation, 70 
fast oscillations, 267 
thalamic nuclei, projections to, 141 
thalamocortical neuron electrophysiology, 191 
Cerebral cortex, see also Neocortex 

activation by brainstem-thalamic neurons, 
382-391, 392; see also Neuronal activities, 
brainstem and basal forebrain structures 
bulbar reticular noncholinergic neurons, 
384, 386, 387 

mesopontine cholinergic neurons, 388-391 
midbrain reticular cholinergic neurons, 

384, 385 

alpha rhythms, origins of, 256-257 
cholinergic projection from NB to, 393 
connections 
basal fore brain, 74 

basal forebrain projections to thalamus, 137 
brainstem reticular neuron projections, 
91-92 

convergent inputs onto single brainstem 
reticular neurons, 76 
corticopetal link, brainstem-thalamic 
projections, 104, 105 
dopaminergic systems, 87-88 
histaminergic, 133 
NB inputs, 89 

serotonergic efferents, 131-132 
thalamocortical neurons, 98 
ventral tegmental area afferents, 88 
fast (beta/gamma) oscillations, 263 
thalamic projections, 382 
TNF-alpha and, 590 

cerveau isole preparation, 3, 5, 6, 8, 21, 24 
cGMP, 233 

Chandelier (axoaxonic) cells, 147, 148, 153 
Chloride conductance, 246 
Chloride-mediated IPSP, 355, 363 
Cholecystokinin, 48, 147, 584 
Choline acetyltransferase (ChAT), 56, 58, 396 
adenosine and, 577, 578, 579-580, 582 
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Choline acetyl transferase (ChAT) contd. 
basal forebrain-brainstem connections, 74 
immunohistochemistry, 45, 46-47 
locus coeruleus, 219 
mesopontine cholinergic neurons, 388 
thalamic nuclei connections, 93, 95, 99 
Cholinergic-adrenergic interactions 
modeling REM sleep in depression, 549 
muscle atonia, 459, 549 
Cholinergic mechanisms 
adenosine and, 564 

depression, quantitative modeling of sleep 
abnormalities in, 552, 557-559 
excitatory responses, 352 
GABAergic influences and, 511 
intracellular studies, 359, 361 
modeling 

Limit Cycle model, 557-559 
REM sleep in depression, 547, 548 
monoaminergic inhibition of, 494-495 
REM-on and REM-off neuron interaction 
sites, 501 

REM sleep, 482-487 
in depression, 547, 548 
induction of REM sleep-like phenomena, 
482-484 

LDT stimulation, production of 

scopolamine-sensitive EPSPs in mPRF 
neurons, 485 

unit activity during sleep and wakefulness, 
485-487 

structural (Reciprocal Interaction) model of 
organization, 514-516 
thalamic cell excitation, 351 
thalamic reticular neuron dual response, 367 
Cholinergic neurons, 139 

adenosine signal transduction, 577, 578, 
579-580, 582 

brainstem, actions of, 212-235 
basal forebrain, 223 
hippocampus, 234—235 
locus coeruleus, 219, 221-223 
medial pontine reticular formation, 212-219 
neocortex, 231-234 

pedunculopontine tegmental cholinergic 
neurons, 219, 220 
thalamus, 223-231 
brainstem-LG projection, 357 
brainstem-thalamic neurons implicated 
in tonic electrical activation of 
cerebrum, 383 

centers versus distributed systems for waking 
and sleep, 30-31 
connections 

basal forebrain-brainstem, 75 
basal forebrain projections, 134 
cerebral cortex, efferent connections, 
133-134 

NB inputs from, 89 
PPT/LDT nuclei, 57-58 


Cholinergic neurons contd. 
delta waves, 305 

diffuse modulatory systems, 140; see also Diffuse 
modulatory systems, targets of 
evoked potential studies, 350 
hippocampal septal neurons, 260 
LDT, see also Pedunculopontine/laterodorsal 
tegmental neurons 
neuronal interactions, 517 
lumbar alpha neuron activity during waking 
and sleep, 452 
parallel pathways, 391 
spindles, 297, 298, 299 
thalamic projections, 382 
tonic electrical activation of cerebral cortex by 
brainstem-thalamic neurons 
mesopontine, 388-391, 392 
midbrain, 384, 385 
Cholinergic nuclei 

basal forebrain afferents, 88-90 
modulatory systems, 89-90 
systematization of cholinergic nuclei, 

88-89 

brainstem afferents, 56-85 

convergent inputs onto single brainstem 
reticular neurons, 76-78 
from basal forebrain and related systems, 
73-76 

from hypothalamic areas, 72-73 
from intrabrainstem sources, 78 
from neocortical areas, 76 
from spinal cord and sensory cranial nerves, 
63-68 

from thalamic nuclei, 68-72 
nuclei with inidentified transmitters, 

61-63 

systematization of cholinergic nuclei, 

56-61 

to midbrain and bulbar reticular formation, 
82-85 

to pontine reticular formation, 

78-82, 83 

brainstem efferents, 90-128 

brainstem and spinal cord projections of 
mesopontine cholinergic and 
pontobulbar nuclei, 106-117 
rostral projections, 91-106 
spinal cord projections, 106-117 
monoaminergic cells in, 55 
Cholinergic-to-cholinergic projections, 350 
evoked potential studies, 350 
NB cells, 90 

Cholinoceptive cells, somatosensory 
cortex, 234 
Cingulate cortex, 98 
acetylcholine effects, 231 
cholinergic projections from NB and diagonal 
band nuclei, 133 
spindles, 284, 285 
Cingulate gyrus, 98 



Circadian rhythms, see also Biological rhythm, 
modeling REM sleep as characteristics of 
REM sleep, 520 
modeling 

depression, 548, 559 
Limit Cycle model, 533-537 
orexin/hypocretin, 606-610 
sleepiness, 561-562 
suprachiasmatic nucleus and, 73 
Circuits 

diffuse modulatory systems, see Diffuse 
modulatory systems, targets of 
neurotransmitter-modulated brainstem 

currents, see Neurotransmitter-modulated 
currents 
Claustrum, 146 

Clock-like delta rhythm, 300-304, 317 
Clonidine, 237, 242, 243, 244 
CL-PC neurons, see Centrolateral-paracentral 
nuclei 

CM-Pf neurons, see Centromedian-parafascicular 
nuclei 
CNQX, 251 
Cochlear nucleus, 130 
Cognitive functions 
adenosine and, 583 
somatosensory evoked potentials and, 

373, 374 

Collaterals, recurrent, 518 
Colliculus, see Inferior colliculus; Superior 
colliculus 

Connections, ^Anatomical connections; Basal 
forebrain connections, Brainstem 
connections; specific classes of transmitters 
Contingent negative variation (CNV), 373, 375 
Continuity disturbances, modeling REM sleep in 
depression, 547, 548 

Controller activity criterion, neuromodulation of 
REM sleep, 482 

Cooling, LC influences in REM sleep, 499-501 
Corpus callosum, 135 
cortical connections, 148, 150-151 
plastic changes in thalamocortical system, 

341, 343 

Cortex, see also Cerebral cortex; Neocortex 
brainstem reticular neuron projection studies, 
91-92 

connections 

basal forebrain nuclei, 133-134 
corticopetal link, brainstem-thalamic 
projections, 104, 105 
serotonergic efferents, 131-132 
thalamic projections to midbrain reticular 
formation, 70 
thalamic projections, 141 
Cortical activation, 350 
basal forebrain neurons and, 391, 393-394 
brainstem-thalamic neurons implicated 
in tonic electrical activation of 
cerebrum, 382 


Cortical activation contd. 

extracellular recordings, 352 
by neuronal activities in brainstem and 
forebrain, see Neuronal activities, 
brainstem and basal forebrain structures 
Cortical inhibition, global, 329 
Cortical layers, evoked potential studies, 350 
Cortically evoked responses, 350 

repetitive motor cortex stimulation and, 342 
spindles, 281 
Cortical neurons 

depolarization, cholinergic projection from NB 
and, 393 

plastic changes in thalamocortical system, 329 
seizures, 327 

slow oscillation, cellular basis of, 306 
spindles, 279, 280 

Cortical oscillations, see also Slow oscillations, 
neocortical; Thalamocortical system 
oscillations 

alpha rhythms, 256-257 
delta waves, 304-305 
sensorimotor rhythms, 259 
Cortical projections, thalamic nuclei, 141, 382 
Cortical pyramidal neurons, plastic changes in 
thalamocortical system, 330 
Cortical synchronization, locus coeruleus cooling 
and, 499, 500 

Corticocortical pathways, 148 
callosal, see Corpus callosum 
plastic changes in thalamocortical system, 329 
Corticofugal projections, 148 
Corticopetal pathways 

brainstem-thalamic projections, 104 
locus coeruleus efferents, 129-130 
Corticopontine neurons, plastic changes in 
thalamocortical system, 334 
Corticoredcular connections 

afferents to pontine reticular formation, 79 
neocortical projections to brainstem, 76 
Corticothalamic neurons/networks, 152 
diffuse modulatory systems, 139, 140, 141; see 
also Diffuse modulatory systems, targets of 
excitatory amino acids and, 253, 254 
Corticotropin-releasing factor (CRF), 58, 550 
Cranial nerve nuclei, see also specific nerves 
connections, 63 

locus coeruleus efferents, 130 
spinoreticular pathways, 66 
muscarinic receptors, 217 
Cranial nerves, gaze control, 438, 439 
CS, see Central superior raphe nucleus 
5-CT, 247, 248, 250 

Cultured cells, cholinergic agonists and, 217 
Cuneate nucleus, 114 
Cuneiform nucleus, 77, 79, 109 
Current-source-density analysis, 350 
Cyclic AMP, 217, 246 
Cyclic GMP, 233 

Cytochrome oxidase, 48, 429, 430 
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Cytokines, 584^589 
IL-1/3, 587-589 
TNF-alpha, 589-590, 591 

Dampening activity, brainstem, 295 
Deafferented thalamic reticular cells, 
spindles, 290 
Deep cerebellar nuclei 
connections 

thalamic projections to midbrain reticular 
formation, 70 

ventral tegmental area afferents, 88 
thalamocortical neuron electrophysiology, 191 
ventrolateral thalamic neuron 
inputs, 347 

De-inactivation, medial pontine reticular 
formation neurons, 160 
Delta rhythms/waves, 300-305, 383 
adenosine and, 565 
cortical component, 304-305 
modeling REM sleep in depression, 547, 548 
sleep factor indicators, 562 
slow oscillations 

grouping by, 318-324, 326 
synaptic reflection in thalamic and other 
structures, 317 

thalamic component, 300-304 
Delta sleep, 300, 547, 548 
Dendritic patterns, morphological methods, 
36-39 

Dendrodendridc synapses, 145 
Dentate gyrus, 153 

Depolarization, see also Electrophysiology 
slow oscillation 

cellular basis of, 306 

synaptic reflection in thalamic and other 
structures, 315 
soma size and, 480, 481 
time course, 478 

Depolarizing plateau, spindles, 279, 281 
Depression, 546-560 
deficient process S, 560 
monoaminergic-cholinergic factors, 

550-552 

quantitative modeling of sleep abnormalities, 
552-559 

bimodal distribution of REM sleep latencies, 
555-556 

cholinergically hastened onset of REM sleep, 
557-559 

circadian rhythms, 559 
earlier models, 556 
Desmethylimipramine, 237, 239 
Desynchronized sleep 

cholinergic influences on REM sleep, 484 
sleep state control schematic, 472 
state-dependent alterations in reticular 
excitability, 470, 471 

structural (Reciprocal Interaction) model of 
organization, 515 


Diagonal band nuclei (DB) 
connections, 73, 74, 75, 88, 90 
basal forebrain projections, 135, 136 
cortical, 133 

hypothalamus, posterior, 138 
electrophysiological properties, 
intrinsic, 179 

Diaminobenzidine (DAB), 42 
Diencephalon 

BFTG bifurcating axonal collaterals, 128 
giant cell field projections to, 91 
muscarinic receptors, 217 
spinoreticular pathways, 66 
Diffuse activation, selective attention versus, 
376-377 

Diffuse modulatory systems, targets of, 

139-153 

hippocampus and related systems, 153 
neocortex, 145-153 
thalamus, 141-145, 146 
Diffuse spindle disruption, 295-296 
Direction burst neurons, 423 
Disfacilitation, slow oscillation, cellular basis of, 
306, 308 
DMPP, 226 
Dopamine 

immunohistochemistry, 44 
orexin and, 604 
Dopaminergic systems 
efferent connections, 132 
sensorimotor rhythms, 259 
thalamic nuclei, 96 
ventral tegmental area, 87-88 
Dorsal lateral geniculate, spindles, 296 
Dorsal mesostriatal pathway, dopaminergic 
connections, 132 
Dorsal raphe nucleus, 139, 237 
adrenergic receptors, 243 
afferents, 86, 87 
brainstem neuron currents 

norepinephrine-modulated, 243-244 
serotonin-modulated, 247-248 
cholinergic projections, 517 
connections 

brainstem efferents to, 93 
locus coeruleus, 85, 86 
serotonergic, 130, 131, 132 
ventral tegmental area afferents, 88 
electrophysiological properties, intrinsic, 
175-179 

GABAergic influences, 518-520 
GABAergic influences in REM sleep, 

502-505 

microdialysis, 502-503 
microoontophoresis, 503-506 
source of input to, 506-507 
humoral factors 
adenosine, 567 
IL-1/3 and, 588 
orexin, 602, 604, 605, 606 



Dorsal raphe nucleus contd. 

monoaminergic influences in REM sleep, 488 
inverse association with REM events, 

490-495 

suppression and increases in REM sleep, 
495-497 

serotonergic inhibition of cholinergic 
neurons, 518 

structural (Reciprocal Interaction) model of 
organization, 515 

Dorsal tegmental bundle, locus coeruleus 
efferents, 128 

Dorsal tegmental field (DTF), muscle atonia, 458 
Dorsal tegmental nucleus, see Laterodorsal 
tegmental nucleus 
Dorsal thalamic nucleus 

acetylcholine effects, 223-224 
diffuse modulatory systems, cell types and 
connections, 141 
inhibitory interneurons, 361 
NB cholinergic and GABAergic 
projections, 394 

plastic changes in thalamocortical system, 335 
spindles, 298 

Dorsolateral funiculus nucleus (DLF), 64, 65, 79 
Dorsolateral pontine reticular formation, 483 
Dorsolateral reticular formation, 111, 112 
Dorsolateral tegmental neurons, 111, 475 
Double bouquet neurons, 147, 148 
Doublets, PGO waves, 409 
Dreaming, PGO waves, 410 
DR (nucleus raphe dorsalis), see Dorsal raphe 
nucleus 

Drowsiness, 15, 295 

Dual nature of sleep, 9-10 

Dynamic motor error, 435, 436 

Eccentric eye fixation, 438 
EEG-activated states, see under 
Electroencephalography 
EGTA, 186 
Electrical stimulation 
muscle atonia, 459 
sleep induction, 25-27 
Electroencephalography 
adenosine and, 565 
EEG-activated states, 403 

brainstem-thalamic neurons implicated 
in tonic electrical activation of 
cerebrum, 383 

bulbothalamic neurons and, 386, 387 
historical developments and changing 
concepts, 5, 12, 16, 33 
intracellular studies, 362 
mesopontine cholinergic neurons, 388 
midbrain reticular noncholinergic 
neurons, 384 
PGO waves, 410 
PPT neuron firing rates, 392 
thalamic neuron electrophysiology, 179 


Electroencephalography contd. 

EEG desynchronization 

brainstem-thalamic neurons implicated 
in tonic electrical activation of 
cerebrum, 383 

bulbothalamic neurons and, 386, 387 
mesopontine cholinergic neurons, 388 
neuronal control of REM sleep, 476 
PPT neuron firing rates, 392 
sleep state control schematic, 472 
structural (Reciprocal Interaction) model of 
organization, 515 

EEG-synchronized activity, see also Neuronal 
control of REM sleep; Synchronized 
oscillations 

historical developments and changing 
concepts, 9, 10, 12, 13 
mesopontine cholinergic neurons, 388 
EEG-synchronized sleep, 403 
corticothalamic arousal and inhibitory 
processes, 379, 380 
evoked potential studies, 350 
extracellular recordings, 351 
PPT neuron firing rates, 392 
thalamic reticular neurons, 364 
thalamic reticular neurons, dual 
response, 369 

thalamocortical neuron electrophysiology, 
182-184, 185 

historical developments and changing 
concepts, 6, 7, 9, 10, 12-15, 24-30 
IL-1 p and, 587, 588 
methods, 48 

modeling REM sleep in depression, 547, 548 
neocortical projections of intralaminal 
thalamic neurons and brainstem 
excitation, 105 
PGO waves, 412 

synchronized rhythms, see Synchronized 
oscillations 
TNF-alpha and, 590 
Electromyography 

atonia, see Muscle atonia 
mesopontine cholinergic neurons, 386 
slow oscillations, 311 
Electrooculograms, 397, 401 
slow oscillations, 311 

state-dependent alterations in oculomotor 
system function, 443 
Electrophysiology 

augmenting response, 336, 337, 350 
diffuse modulatory systems, see Diffuse 
modulatory systems, targets of 
historical developments and changing 
concepts, 1, 12-13 
methods, 48-54 

muscle atonia of REM sleep, 454^458 
neurotransmitter-modulated currents, 
see Neurotransmitter-modulated 
currents 
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Electrophysiology contd. 

plastic changes in thalamocortical system, 333 
cortical augmenting responses and, 340 
repetitive callosal stimulation and, 341 
thalamic reticular cells, GABA inhibitory 
effect, 137 

Electrophysiology, intrinsic properties, 155-209 
amygdala neurons, 208-209 
basal forebrain and medial septum neurons, 179 
dorsal raphe nucleus neurons, 175-179 
entorhinal complex neurons, 208 
hippocampal neurons, 209 
locus coeruleus neurons, 171-175 
medial pontine reticular formation neurons, 
156-167 

classes of neurons, 156-159 
low- and high-threshold spikes, 159-166 
membrane potential, control of repetitive 
firing, behavioral implications, 167 
neocortical neurons, 197, 199-208 

changes in firing patterns during synaptic 
activities and shifts in behavioral state, 
199,201-208 

firing patterns in four neuronal types and 
underlying ionic currents, 
pedunculopontine and laterodorsal tegmental 
nuclei, 167-171 

thalamic neurons, 179-197, 198 
local-circuit inhibitory cells, 191-194 
thalamic reticular GABAergic neurons, 
194-196, 197, 198 
thalamocortical, 181-191 
Encephale isole preparation, 2 
Encephalography, historical development, 3 
Endopeduncular nucleus, 112 
Endorphin, 86 
Enkephalin, 241 
locus coeruleus afferents, 86 
paragigantocellularis nucleus, 86 
Entopeduncular nucleus, 89 
Entorhinal complex 

cholinergic projections from NB and diagonal 
band nuclei, 133 

electrophysiological properties, intrinsic, 208 
theta rhythm origins, 260-261 
Entorhinal cortex, 153 
EPSPs, see Excitatory postsynaptic potentials; 

Postsynaptic potentials 
Error signal, retinal, 434, 435 
Event-related potentials (ERPs) 

electrophysiological methods, 49-50, 54 
in humans, 373-375 
Evoked spindles, 281 
Excitatory amino acids (EAAs) 
brainstem neurons, actions of, 250-254 
brainstem, 253-254 
neocortex, 254 
receptor types, 250-252 
thalamus, 254 
locus coeruleus, 87 


Excitatory amino acids (EAAs) contd . 

lumbar alpha neuron activity during waking 
and sleep, 451 
muscle atonia, 459 
rostral midbrain neurons, 382 
Excitatory burst neurons (EBNs), 422 
gaze control, 438 

interactions of neurons in saccade generation, 
432-437 

pontobulbar reticular projections to 
abducens, 424 

Excitatory postsynaptic potentials (EPSPs), 
see also Postsynaptic potentials 
behavioral state alterations in mPRF, 470 
extracellular recordings, 351 
PPT/LDT neurons, 399 
recruitment within reticular pool, 480, 481 
synchronized rhythms, see Synchronized 
oscillations 

thalamic reticular neurons, 365 
thalamic reticular versus TC neurons, 318 
and theta waves, 261 
trigeminal mesencephalic nucleus 
stimulation, 445 
Excitatory responses 
cerebral activation, 382 
diffuse modulatory systems, see Diffuse 
modulatory systems, targets of 
evoked potential studies, 350 
glutamatergic neurons, 55; see also 
Glutamatergic neurons 
intracellular studies, 342-361 
neocortical projections to brainstem, 76 
slow oscillation, cellular basis of, 306 
Expectancy, sensorimotor rhythms, 257-259 
Expectancy wave, 373 

Extracellular current flow, synchronized rhythms, 
see Synchronized oscillations 
Extracellular recordings, 50-53 
adenosine effects, 0 

brainstem reticular neuronal activity over REM 
sleep cycle, 464-467 

raphe system REM-off neurons and PGO 
waves, 491-495 

cholinergic neurons in NB nucleus, 394 
evoked potential studies, 350 
thalamocortical neurons, 351—352 
Extrapyramidal area, 79, 111, 112 
Eye displacement vectors, burst neurons, 423 
Eye movements, 12, 16, 33, 403; see also Motor 
systems 

gaze control, 437-439 

neocortical projections of intralaminal thalamic 
neurons and brainstem excitation, 105 
neuronal control of REM sleep, 475 
PB burst neurons and, 395, 397 
PGO burst cell discharge and, 397 
PGO waves, 397, 412 
SNr inhibitory projections and, 85 
Eye-neck reticulospinal neurons, 438, 439 



Facial motoneurons, serotonergic modulation, 
248-249 

Facial nerve, 109, 114 
Facial nuclei, 63 
gaze control, 439 

muscle atonia, central mechanisms, 454, 455 
Factor S, 548-549 

Fasciculus longitudinalis medialis (FLM), 455 

Fast Blue, 43 

Fastigial nucleus, 68, 85 

Fast oscillations 

grouping of delta spindles and fast oscillation 
by slow oscillation, 318-324, 325 
sensorimotor rhythms, 259 
Fast rhythms, cholinergic neurons in NB 
nucleus, 394 

Fast spiking neurons, slow oscillations, 309 
Fast waves, 4 
Fatal insomnia, 26 
Feedback, 478 
excitatory projections, 358 
reticuloreticular, 480, 481 
self-augmenting feedback process, 478 
Feedback inhibition 
LC-MC, 237 

structural (Reciprocal Interaction) model of 
organization, 515 
Field of Forel, 66, 79 

Field potentials, electrophysiological methods, 
49-50, 53, 54, 

Final common integrator hypothesis, 431 
Flocculus, cerebellum, 420 
Fluorescent dyes, 43 

Forebrain, see also Basal forebrain; Cerebral 
cortex; Neocortex 
dopaminergic connections, 132 
electrophysiology, see Electrophysiology, 
intrinsic properties 

Forebrain and humoral systems, 561-610 
adenosine, 562-584 
behavioral alterations, 583-584 
homeostatic control of sleep, 562-565, 566 
neurophysiological mechanisms, 570 
receptor coupled signal transduction and 
transcriptional modulation, 576-583 
receptor subtypes, 571-576 
site specificity and sources after prolonged 
wakefulness, 565, 567-570 
cholinergic influences on REM sleep, 483 
cytokines, 584-589 
IL-1/3, 587-589 
TNF-alpha, 589-590, 591 
miscellaneous humoral factors, 590-592 
growth hormone-releasing hormone, 
590-592 

somatostatin, 592 
orexin/hypocretin, 600-610 
actions at cellular level, 603-605 
identification of, 600-602 
neuronal projection and receptors, 602-603 


Forebrain and humoral systems contd. 
orexin/hypocretin contd. 

release of, circadian cycles versus behavioral 
states, 606-610 

REM-related phenomena and wakefulness, 
606 

ventrolateral preoptic area (VLPO), 592-600 
lesions and extnded VLPO, 595-600 
modeling, 600 

sleep-active neurons, identification of, 
592-595, 596 
Forel, field of, 66, 79, 91 
40 Hz frequency, 267, 343 
Fourth ventricle, 60 
Frontal eye fields 
burst neurons, 423 

interactions of neurons in saccade generation, 
432-437 

projections to reticular formation, 426 
Frontal lobe connections 

cholinergic projections from NB and diagonal 
band nuclei, 133 
locus coeruleus efferents, 129 
FTG (gigantocellular tegmental field), 
see Gigantocellular tegmental field 
FTM (magnocellular tegmental field), 
see Magnocellular tegmental field 
FTP (paralemniscal tegmental field), 
see Paralemniscal tegmental field 
Funiculus 

dorsolateral, 64, 65, 79 
lateral, 115, 116 
ventral, 80, 113, 114, 115, 116 
ventrolateral, 130 

GABA 

adenosine and, 564 
excitatory amino acids and, 253 
immunohistochemistry, 48 
GABAergic influences in REM sleep, 501-511 
dorsal raphe nucleus 
sources of input to, 506-507 
suppression and increases in REM sleep, 
502-505 

inhibitory feedback of REM-off neurons, 
518-520 

locus coeruleus, 505-507 

models, postulated steps in production of REM 
sleep episode, 524—528 
pontine reticular formation, distribution and 
REM sleep, 507-509 
PPT nucleus, 509-511 

structural (Reciprocal Interaction) model of 
organization, 515, 516-517 
GABAergic interneurons, NE excitation, 518 
GABAergic mechanisms 

differential brainstem reticular effects on 
inhibitory responses, 363 
NB cholinergic and GABAergic 
projections, 394 
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GABAergic mechanisms contd. 
perigeniculate RE neurons, 355 
PGO waves, 400, 409 
thalamic cells 

differential alterations in two phases of 
inhibitory response during brain 
activation, 378-379 
types of, 361, 363 

thalamic reticular neuron dual response, 

367, 369 

GABAergic neurons, 30-31, 139 
connections 

basal forebrain, 74, 89, 90 
basal forebrain projections to thalamus, 137 
histaminergic, 133 
NB-cortical, 134 
NB inputs from, 89 
substantia nigra pars reticulata, 84 
tuberomammillary area afferents, 88 
delta waves, 302 
Golgi staining, 39 
hippocampal trisynaptic loop, 153 
hippocampus, 235 
medial septum, 179 
neocortex, 150 

acetylcholine effects, 231-232 
diffuse modulatory systems, 147-148 
orexin and, 604 

plastic changes in thalamocortical system, 335 
slow oscillation, cellular basis of, 306 
spindles, 279, 285, 298, 299 
thalamocortical electrophysiology, 191 
local circuit inhibitory cells, 191-194 
thalamic reticular neurons, 194-196, 197 
thalamus 

brainstem cholinergic pathways, 
acetylcholine effects, 229-231 
diffuse modulatory systems, 141, 142-145, 146 
electrophysiological properties, intrinsic, 
194-196, 197, 198 
Galanin, 88 
Gamma bands, 4, 565 
Gamma oscillations 
nucleus basalis, 179 
sensorimotor rhythms, 259 
theta rhythm origins, 262-275, 276 
Gastrin-releasing peptide, 58 
Gaze, control of, 437-444; see also Motor systems 
Giant cell nucleus, see Gigantocellular tegmental 
field 

Gigantocellular fields, 63, 111 
brainstem-thalamic projections, 104 
mesopontine cholinergic projections to, 107 
medulla. 111 

Gigantocellular neurons, 61 
brainstem afferents to, 83 
bulboreticular (RE) neurons with midbrain 
and thalamic projections, 386, 387 
connections of brainstem cholinergic nuclei, 
intrinsic cell morphology and, 117-128 


Gigantocellular neurons contd. 
paramedian pons, 63 
PGO-on cells, 398 
spinoreticular pathways, 66 
Gigantocellular tegmental field (FTG), 112 
bulbar, see Bulbar gigantocellular tegmental 
fields 

connections, 62-63 

afferents to pontine reticular formation, 79, 
81,82 

locus coeruleus efferents, 130 
thalamus, 98-99 

electrophysiological recordings, 156 
gaze control, 439 

muscle atonia, central mechanisms, 453, 

454, 456 

neuron morphology, 117-128; 

PGO-on cells, 398 

pontine, 74; see also Pontine gigantocellular 
tegmental fields 

state-dependent alterations in reticular 
excitability, 470, 471 
Glial cells, 314 

Glial sheets, thalamic synapses, 142 
Global cortical inhibition, plastic changes in 
thalamocortical system, 329 
Global disinhibition of TC neurons, 352 
Globus pallidus, 71, 89, 112, 136, 243 
Glomeruli, thalamic, 142, 143 
Glutamate, 254 

intracellular studies, 352 
somatosensory cortical responses, 234 
Glutamate decarboxylase, 38 
Glutamatergic neurons, 139 
corticothalamic synapses, 318 
IL-1/3 and, 588 

midbrain reticular noncholinergic neurons, 61 
NB activation, 90 
neocortex, 146-147 
parallel pathways, 391 
roles of, 55-56 
thalamus, 141, 152 
Glycine, NMDA receptors, 251 
Golgi staining methods, 35-39 
Gomori’s stain AChE, 46 
Growth hormone-releasing hormone, 587, 588, 
590-592 

Habenular nucleus, lateral, 87, 145, 284 
Habituation, behavioral, 66 
HEAT-binding sites, locus coeruleus, 243 
Hebb’s model, 375 
Hexamethonium, 221 
Hippocampus 
adenosine in, 568 
adrenergic receptors, 237, 245-246 
brainstem neuron currents 

acetylcholine-modulated, 234-235 
norepinephrine-modulated, 245-246 
cholinergic agonists and, 217 



Hippocampus contd. 

cholinergic influences on REM sleep, 484 
connections 

locus coeruleus efferents, 129 
neocortical projections of intralaminar 
thalamic neurons and brainstem 
excitation, 105 
raphe nuclei afferents, 87 
thalamic connections, 98 
diffuse modulatory systems, 153 
electrophysiological properties, intrinsic, 209 
excitatory amino acids and, 254 
IL-1/3 and, 589 

intracellular studies, excitatory responses, 361 

muscarinic activation, 215 

neuronal control of REM sleep, 476 

plastic changes in thalamocortical system, 329 

serotonin effects, 250 

sleep state control schematic, 472 

spindles, 284 

theta rhythm origins, 259-262 
theta rhythms, 145 
Histaminergic systems, 61 
efferent connections, 133 
tuberomammilary area, 88 
Histogram, interspike interval, 411 
Historical developments and changing 
concepts, 1-33 

centers and distributed systems, 30—33 
definition of vigilance and activation 
states, 11-20 

pioneering discoveries, 2-11 
sleep-promoting mechanisms, 20—30 
active sleep, 24—30 
passive sleep, 20-24 

Homeostatic control of sleep, adenosine and, 
562-565, 566 

Horseradish peroxidase (HRP) 

anterograde and retrograde tracing, 41-43 
Golgi staining, 15-19 
immunohistochemistry, 44—47 
Horsley-Clarke stereotaxic instrument, 22 
5-HT1A agonists 

LDT/PPT REM-on neuron inhibition by, 
497-498 

serotonergic inhibition of cholinergic neurons, 
494-495 
Humans 

event-related potentials in, 373—375 
motor cortex, fast oscillations, 267 
sleep patterns, modeling, 532-533, 534, 536 
thalamocortical neurons, event-related 
potentials, 373-375 

Humoral systems, see Forebrain and humoral 
systems 

Hyperpolarization, see also Electrophysiology, 
intrinsic properties 
brainstem PB-evoked responses, 357 
burst suppression, 327, 328, 329 
delta waves, 305 


Hyperpolarization contd. 
evoked potential studies, 350 
intracellular studies, excitatory responses, 355 
locus coeruleus cells, 87 
lumbar alpha neuron activity during 
waking and sleep, 452 
muscle atonia, 459 
NB cells, 90 

nucleus basalis cells, 350 
PGO waves, 407, 408 
doublets, 409 

PGO-on bursting cells, 400 
plastic changes in thalamocortical system, 
cortical augmenting responses 
and, 340 

slow oscillations, 308 
cellular basis of, 306 
intracellular recording during natural 
NREM sleep, 310, 311 
intracortical synchronization of, 311—313 
synaptic reflection in thalamic and other 
structures, 315 

spindles, 279, 281, 282, 285, 294, 298 
thalamic reticular neurons, 365, 366, 367 
thalamocortical neurons, 187, 189, 347 
Hypnogenesis, 24r-30 
Hypocretin, see Orexin/hypocretin 
Hypoglossal nerve, 115 
Hypoglossal nucleus, 115 
Hypophysis, 592 
Hypothalamus 
connections 

basal forebrain nuclei efferents, 137-138 
to brainstem cholinergic nuclei, 72-73 
brainstem reticular neuron projections, 91 
histaminergic, 133 
locus coeruleus, 85, 129 
NB inputs, 89, 90 
raphe nuclei afferents, 87 
thalamic projections to midbrain reticular 
formation, 70 
tuberomammilary area, 88 
ventral tegmental area afferents, 88 
humoral factors 
adenosine, 567 
IL-1/3, 588, 589 
TNF-alpha and, 590 

neuronal control of REM sleep, 477-478 

ICS205-930, 247 
IL-1/3, 582, 587-589 
Imipramine, 248, 250 

Immobility, fast (beta/gamma) oscillations, 263 
immunohistochemistry methods, 5, 44-48 
Incremental response, plastic changes in 
thalamocortical system, 330 
Indicator variables, 11-12, 17-18 
Inferior colliculus, 63, 156 
LDT and PPT neuron distribution, 108 
locus coeruleus efferents, 129 
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Inferior colliculus contd. 

neocortical projections of intralaminar 
thalamic neurons and brainstem 
excitation, 105 

Inferior olivary nucleus, 112, 455 
Inferior vestibular nucleus, 355 
Inhibition-rebound sequences 
corticothalamic synapses, 318 
plastic changes in thalamocortical system, 331 
Inhibitory burst neurons (IBNs), 422-423 
interactions of neurons in saccade 
generation, 432-437 
neural integrator, 429 
pontobulbar reticular projections to 
abducens, 424 

Inhibitory cells/interneurons, 361; see also 
Local-circuit interneurons 
GABAergic inhibition in cortex, 134 
hippocampal trisynaptic loop, 153 
hippocampus, 235 
intracellular studies, 352 
neocortex, 147-148, 150 
thalamic, 152, 194-196, 197, 198, 361 
EEG synchronized sleep, 379, 380 
electrophysiological properties, intrinsic, 
191-194 

Inhibitory post synaptic potentials (IPSPs) 
intracellular studies 

differential brainstem reticular effects on 
inhibitory responses, 363 
excitatory responses, 353, 355 
local interneurons, 363 
midbrain reticular cells, bulbar stimulation 
and, 84 

PGO waves, 407, 409 
slow oscillations 
cellular basis of, 306 

synaptic reflection in thalamic and other 
structures, 315 
spindles, 282, 285, 289 
synchronized rhythms, see Synchronized 
oscillations 

thalamocortical system, plastic changes in, 
335, 338 

thalamic circuits, types of, 142-144 
thalamic reticular neurons, 366 
and theta waves, 261 
Inhibitory responses 

during brain activation, 378-380 
brainstem reticular effects on, 361, 363 
three phases of, 361, 363 
Initiation/onset of movement, set-dependent 
tasks, 376-377 
Insomnia, 27-28 
Insomnia, fatal, 26 
Integrator, neural, 429, 432 
Interhemispheric integration, 150-151 
Interlaminar nuclei, mesopontine cholinergic 
neurons, 388 
Internal capsule, 105 


Interneurons 
cortical, 134, 147-148, 149 
acetylcholine effects, 231-232 
hippocampal trisynaptic loop, 153 
hippocampus, 235 
IPSPs elicited by, 364 
LG local-circuit, 357 
PGO waves, 409 

structural (Reciprocal Interaction) model of 
organization, 515 
thalamic, 142, 145, 152 

brainstem cholinergic pathways, 
acetylcholine effects, 229-231 
GABAergic neurons, 361, 363 
Internuclear neurons, abducens projections, 420 
Interspike interval histogram, PGO waves, 411 
Interstitial nucleus of Cajal, 426 
Intrabrainstem pontine reticular formation 
afferents, 78-85 
Intracellular recordings 

brainstem reticular neuronal activity over REM 
sleep cycle, 467-470 
excitatory responses, 352 
methods, 50-54 

neuronal control of REM sleep, 475 
recruitment within reticular pool, 480, 481 
thalamocortical neurons 

excitatory responses, 352-361, 362 
inhibitory responses, differential brainstem 
reticular effects on, 361, 363 
Intracortical connections, 149-150, 150-151 
Intralaminar centrolateral (CL) nuclei/ 
neurons, 98 

intracellular studies, excitatory responses, 360 
plastic changes in thalamocortical system, 335 
spindles, 283, 296 
Intralaminar nuclei, 62 
connections 

brainstem efferents to, 93, 98, 99, 100, 104 
to midbrain reticular formation, 68, 69 
neocortical projections, 104, 105, 106 
electro physiology, intrinsic, 184 
evoked potential studies, 350 
neocortical pyramidal neuron connections, 

146 

projections to, 382 

spontaneous firing in NREM sleep and brain- 
active states, 347 
thalamic nuclei and, 141 
Intrinsically bursting neurons 

repetitive callosal stimulation and, 341 
seizures, 328 
slow oscillations, 309 
Ionic conductances, 1 
IPSPs see Inhibitory postsynaptic potentials 
Isodendritic, defined, 36 
Isoproterenol, 237 

Jaw closer motoneurons, 444-446, 456 
Joseph disease gene product, 608 



707 


Jouvet, M., 1,2,12, 22, 26 
Jouvet theory, 501 

Kainate, 250, 251, 254 
K-complex, 318 
Ketanserin, 246 
Kleitman, N., 2, 9 

Kolliker-Fuse nucleus, 112, 128, 453 
Kynurenate, 251, 254 

Latency, REM 
deficient process S, 560 
in depression, 547, 548 
bimodal distribution of, 555-556 
quantitative modeling, 553, 554, 555 
Lateral funiculus, 115, 116 
Lateral geniculate interneurons, PGO waves, 409 
Lateral geniculate neurons 
extracellular recordings, 351 
peribrachial area, 352 
Lateral geniculate nucleus (LGN), 95, 361 
acetylcholine effects, 223-224, 225 
brainstem-LG cholinergic projection, 357 
brainstem reticular neuronal activity over REM 
sleep cycle, 467, 468 

cholinergic influences on REM sleep, 484 
connections, 61 

brainstem efferents to, 93, 96 
brainstem reticular projections, 102 
locus coeruleus efferents, 129 
parabigeminal nucleus projections, 58 
serotonergic efferents, 131 
diffuse modulatory systems, 141 
electrophysiology, intrinsic, 191-194 
extracellular recordings, 351 
fast (beta/gamma) and ultrafast (ripple) 
rhythm, 272 

fast oscillations, 267, 268, 269 
intracellular studies, excitatory responses, 

354, 357 

local-circuit interneurons, 357 
mesopontine cholinergic neurons, 388 
modulation of excitability in neuronal pools, 
experimental evidence for, 473, 474-475 
muscarinic activation, 215 
PGO field potential, 397 
PGO waves, 395, 397, 401, 403, 409, 410, 414, 
415, 416; see also Ponto-geniculo-occipital 
waves 

spindles, 284, 296 

spontaneous firing in NREM sleep and brain- 
active states, 347, 349 
Lateral geniculate relay neurons 
intracellular studies, excitatory responses, 354, 

355, 359 
PGO waves, 409 

Lateral geniculate thalamic bursts, 410 
Lateral geniculate thalamocortical cells, PGO 
waves, 403, 407, 410, 411, 412 
Lateral habenular nucleus, 87, 145, 284 


Lateral lemniscus, 111 
Lateral reticular nucleus, 115, 243 
Lateral tegmental field (FTL), 62, 63, 74 
afferents to pontine reticular formation, 79 
muscle atonia, central mechanisms, 455, 456 
parvocellular neurons, 61, 386, 387 
pontine, 109 

Lateral tegmentoreticular tract, 111, 112 
Lateral ventricle, connections, 135 
Laterodorsal tegmental (LDT) nucleus, 430; 
see also Pediculopontine/laterodorsal 
tegmental neurons 
acetylcholine, 212-213, 227 
afferents to pontine reticular formation, 79 
connections, 57, 60 
basal forebrain-brainstem, 74, 75 
brainstem efferents to thalamic nuclei, 93, 
95, 94, 97 

brainstem reticular projections, 100, 101 
cholinergic projections to bulbar reticular 
formation, 112 

cholinergic projections to PFTG, 106-110 
LDT and PPT neuron distribution, 108, 109 
thalamus, 99 

excitatory amino acids and, 253 
intracellular studies, 353, 358, 360 
muscle atonia, central mechanisms, 453 
thalamic reticular neurons, 366 
Lateroposterior (LP) nucleus 
antidromic activation of PPT neurons, 391 
connections, 94, 97 
brainstem efferents to, 93 
convergent synaptic excitation of midbrain 
reticular neurons, 77 
locus coeruleus efferents, 129 
cortical projections, 141 

plastic changes in thalamocortical system, 334 
LDT, see Laterodorsal tegmental field 
Leak potassium current, 55, 148 
Leaky integrator, 429 
Learning 

acetylcholine and, 233-234 
basal forebrain projections to MD nucleus and, 
134 

hippocampal circuits, 153 
Lectins, anterograde and retrograde tracers, 40, 
41-43 

Lennox-Gastaut syndrome, 325 
Limbic cortex/system, 145 
spindles, 284 
thalamic connections, 98 
and theta waves, 261 
Limit Cycle model, 531-546 
cholinergically induced onset of REM sleep, 
557-559 

circadian variation in REM pattern, 533-537 
depression, 554, 555 
details, 539-546 

limitations on growth of firing rates, 540-543 
modeling events at sleep onset, 532 
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Limit Cycle model contd. 

modeling sleep patterns, 532-533 
phase plane graph, 529 

phase plane representation of entry into limit 
cycle, 545-546 

REM-on autoexcitation growth function, 539-540 
REM-on dependence on REM-off inhibitory 
input, 543-545 

summary of changes from simple LV model, 
531-532 

Local-circuit inhibitory cells, see Inhibitory 
cells/ interneurons 

Local-circuit neurons, see also Interneurons 
diffuse modulatory systems, cell types and 
connections, 141 
neocortex, 145, 147, 148, 150 
thalamic, 142, 143, 145, 146, 152 
Local field potentials 
electrophysiological methods, 49-50, 54 
fast (beta/gamma) oscillations, 264 
Locus coeruleus, 139, 156, 237 
brainstem neuron currents 

acetylcholine-modulated, 219, 221-223 
norepinephrine-modulated, 236-243 
cholinergically evoked hyperpolarizations, 217 
cholinergic projections, 517 
connections, 57, 61 
histaminergic, 133 

neocortical projections of intralaminar 
thalamic neurons and brainstem 
excitation, 105 

norepinephrinergic efferents, 128-130 
connections to brainstem monoaminergic 
nuclei, 85-87 

afferents to pontine reticular formation, 79 
raphe nuclei afferents, 87 
ventral tegmental area afferents, 88 
corticotropin-releasing factor and NE 
neurons, 550 

electrophysiological properties, intrinsic, 
171-175 

excitatory amino acids and, 255 
extracellular recordings, 351 
GABAergic influences, 505-506 
in REM sleep, 518-520 
sources of input to, 506-507 
humoral factors 
IL-1/3, 588 
TNF-alpha, 590 

LC-MC feedback inhibition, 237 
mesopontine cholinergic PPT-LDT neurons, 389 
monoaminergic influences in REM sleep, 
498-501 

cooling, 499-501 
REM-off neurons, 490 
sites of REM-on and REM-off action, 501 
muscarinic receptors, 217 
muscle atonia, central mechanisms, 452, 453, 
455, 456, 457 
NE inhibition of, 518 


Locus coeruleus contd. 
nicotinic excitation, 354 
orexin actions, 603, 605, 606 
orexin neuronal projections, 602 
PGO-on cells, 398 

structural (Reciprocal Interaction) model of 
organization, 515 

Long-lead burst neurons (LLBNs), 422, 423, 426 
interactions of neurons in saccade generation, 
432-437 

oculomotor system function, wake-sleep 
transitions, 441 

Long-term activation, intracellular studies, 359 
Lotka-Volterra equations, 513-514 
Lotka-Volterra model, simple, 526-530 
neutral stability of, 557 
phase plane representation, 538 
postulated steps in production of REM sleep 
episode, 526-528 
significance of terms, 537-538 
simple LV equations, 528-530 
simple LV equations, limits of, 530 
summary of changes with Limit Cycle model, 
531-532 

Low-threshold augmentation, plastic changes in 
thalamocortical system, 335 
Low-threshold burst neurons (LTBNs), see also 
Electrophysiology, intrinsic properties 
medial pontine reticular formation neurons, 
156, 157, 159-161, 167 
Low-threshold spikes (LTS), 517; see also 
Electrophysiology, intrinsic properties 
augmenting response, 336 
brainstem control of corticothalamic 
networks, 140 

medial pontine reticular formation neurons, 
156, 157, 159-161 

plastic changes in thalamocortical system, 331 
PPT-LDT, 170 
rebound, 355 
spindles, 282, 294 

Lumbar motoneurons, 446, 447-450, 450-451 

Machine state, 11 
Magnesium blockade, NMDA, 251 
Magnetic resonance imaging, 54 
Magnetoencephalography, 49, 263, 265 
Magnocellular neurons, 61, 386, 387 
bulbar, 83, 454, 456 

medullary, brainstem-thalamic projections, 104 
Magnocellular pontine reticular formation, 
afferents to, 78, 79 

Magnocellular preoptic nucleus, orexin neuronal 
projections, 602 

Magnocellular tegmental fields (FTM) 
connections, 63, 74, 111, 112 

afferents to pontine reticular formation, 79 
brainstem-thalamic projections, 104 
thalamus, 98-99 

muscle atonia, central mechanisms, 453, 454, 456 



Magnocellular zones, reticular formation 
afferents to pontine reticular formation, 79 
muscle atonia, central mechanisms, 456 
Mammillary nuclei 
connections, 88, 98 

intracellular studies, excitatory, 359, 361 
Mammilothalamic axis, 129, 361 
Mathematical models of sleep, 562 
McCarley-Massaquoi-Hobson model, 
see Reciprocal Interaction model 
Mecamylamine 

intracellular studies, 358 
neocortex, 231 

thalamic reticular neurons, 227 
Medial forebrain bundle, 129, 260 
Medial geniculate nucleus (MGN), 68, 95, 405 
acetylcholine effects, 224, 225 
diffuse modulatory system connections, 141 
muscarinic activation, 215 
Medial longitudinal fascicle (MLF), 113, 156, 419 
connections, 111 

afferents to pontine reticular formation, 80, 
81,82 

brainstem afferents to, 83 
bulbar gigantocellular tegmental field, 82 
reticulospinal fibers, 115—116 
gaze control, 439 

LDT and PPT neuron distribution, 108 
pontobulbar reticular projections to abducens, 
424, 425 
Medial pons 

muscle atonia, 459 
PGO-on cells, 399 

Medial pontine gigantocellular tegmental field 
(mPFTG), 480, 481 

Medial pontine reticular formation (mPRF) 
adrenergic receptors, 237, 243-244, 243 
afferents to pontine reticular formation, 81 
behavioral state alterations in, 470 
brainstem cholinergic neuron currents, 212-219 
brainstem reticular neuronal activity over REM 
sleep cycle, 470, 471 

cholinergic influences on REM sleep, 485-488 
electrophysiological properties, intrinsic, 
156-167 

classes of neurons, 156-159 
low- and high-threshold calcium spikes, 
159-166 

membrane potential, control of repetitive 
firing, behavioral implications, 167 
modulation of excitability in neuronal pools, 
experimental evidence for, 473 
PGO-on cells, 398 
pre-REM sleep changes, 468, 469 
state-dependent alterations in excitability, 470, 
471 

Medial raphe nucleus, 243 
Medial rectus motoneurons, abducens 
projections, 420 
Medial reticulospinal tract, 113 


Medial septum, 89, 179 
Medial vestibular nuclei 
gaze control, 439 
leaky integrator, 429 
Mediodorsal (MD) thalamic nuclei 
blockage of slow cortical oscillations by 
mesopontine PPT nucleus, 393 
connections, 60, 62, 94, 97, 98 

basal forebrain projections, 134, 135, 136 
brainstem efferents to, 93 
Medullary glutamatergic neruons, 55-56 
Medullary laminae, 129 
Medullary magnocellular fields, brainstem- 
thalamic projections, 104 
Medullary reticular formation, thalamic 
connections, 91, 93, 98-99, 98 
Membrane conductance, intracellular studies, 354 
Membrane potentials, see also Electrophysiology, 
intrinsic properties 
electrographic signs and, 481 
medial pontine reticular formation neurons, 167 
neuronal control of REM sleep, 475 
soma size and, 480, 481 
Memory 

acetylcholine and, 233-234 
basal forebrain projections to MD nucleus 
and, 134 

hippocampal circuits, 153 

plastic changes in thalamocortical system, 

329, 330 

Mesencephalic central gray, 85 
Mesencephalic reticular formation (MRF) 
adrenergic receptors, 243 
afferents to pontine reticular formation, 80 
brainstem efferents to, 93 
brainstem reticular neuronal activity over REM 
sleep cycle, 472 
burst neurons, 423 
nonreticular brainstem projections to 
abducens, 427 
spinoreticular pathways, 67 
superior colliculus and frontal eye field 
projections to, 426 
Mesencephalon 

cholinergic cell groups, 382 
ventral tegmental area, sensorimotor 
rhythms, 259 

Mesopontine cholinergic nuclei 

brainstem neuron currents, serotonin- 
modulated, 249 
connections 

brainstem and spinal cord projections, 
106-117 

dual thalamic connections, 106 
histaminergic, 133 
glutamatergic neurons and, 55-57 
intracellular studies, 361 
stimulation, 362 

tonic electrical activation of cerebral cortex by 
brainstem thalamic neurons, 388-391, 392 
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Mesopontine junction 

intracellular studies, excitatory, 353 
tuberomammillary area afferents, 88 
Mesopontine neurons, 90 
Mesopontine PGO-on cells, 383, 398, 399 
Mesopontine reticular formation 
connections, 60-61, 90-91 
excitatory amino acids and, 253, 253-254 
Mesopontine tegmental nuclei, orexin neuronal 
projections, 602 

Mesostriatal pathway, dorsal, dopaminergic 
connections, 132 
Metabolism, adenosine, 568-569 
Methodology, 35-54 

electrophysiological studies, 48-54 
morphological studies, 25-48 

anterograde and retrograde tracing, 39-44 
immunohistochemistry, 44-48 
Nissl and Golgi staining, 35-39 
noninvasive methods, 54 
Methylcholine, 226 
2-Methyl-5-hydroxytryptamine, 247 
Methylsergide, 250 

Meynert, nucleus basalis of, see Nucleus basalis 

Microsleeps, 562 

Midbrain 

cerebral activation, 382 
brainstem afferents to, 82-85 
connections to brainstem cholinergic nuclei, 
82-85 

reticular noncholinergic neurons, 384, 385 
Midbrain extrapyramidal area, 111, 112 
Midbrain-pontine junction, 11, 64, 72, 91 
brainstem afferents, 83, 84 
brainstem projections to thalamic nuclei, 93 
Midbrain reticular formation (MRF), 55 
connections, 55, 105 

brainstem afferents to, 82-85 
brainstem cholinergic stimulation, 93 
brainstem efferents to thalamic nuclei, 
97-98 

central tegmental field, 61-62 
histaminergic, 133 

neocortical projections to brainstem, 76 
preoptic area connections, 73 
spinoreticular pathways, 68 
synaptic convergence, 76-78 
thalamic projections, 68-72 
thalamic relay, 91 
delta waves, 305 

evoked potential studies, 348, 349, 350 
extracellular recordings, 351, 352 
neuronal activities controlling wake-sleep 
states 

cerebral cortex activation by brainstem 
thalamic neurons, 384, 385, 386 
bulboreticular (RE) neurons with midbrain 
and thalamic projections, 386, 387 
bulbothalamic neurons and, 383 
spindles, 295, 297 


Midpontine pre-trigeminal preparations, 
extracellular recordings, 351 
MLF (medial longitudinal fascicle), see Medial 
longitudinal fascicle 

Mobility, sensorimotor rhythms, 257-259 
Molecular gate, 330 

Monoaminergic influences on REM sleep, 
488-501 
in depression 

bimodal distribution of REM sleep 
latencies, 556 

modeling REM sleep in, 547, 548, 549-550, 
553-554 

LDT-PPT REM-on neuron inhibition by HTIA 
agonist, 497-498 
locus coeruleus, 490, 498-501 
raphe nuclei, 490 

inverse association with REM events, 
490-495 

suppression and increases in REM sleep, 
495-497 

REM-off neurons, 490-501 
Monoaminergic neurons/nuclei, 139 
basal forebrain connections, 74 
brainstem afferents, 85-88 
locus coeruleus, 85-87 
raphe nuclei, 87 
tuberomammillary area, 88 
ventral tegmental area, 87-88 
in cholinergic nuclei, 55 
depression, quantitative modeling of sleep 
abnormalities in, 550-552 
efferent connections, 128-133 
dopaminergic systems, 132 
histaminergic systems, 133 
norepinephrinergic systems, 

128-130 

serotonergic systems, 130-132 
evoked potential studies, 350 
immunohistochemistry, 44 
LG thalamic nucleus projections, 93 
muscle atonia, central mechanisms, 456 
spindles, 287 

thalamic nuclei, projections to, 96 
Mood 

adenosine and, 583-584 
depression, see Depression 
Morphological methods, 25—48 

anterograde and retrograde tracing, 

39-44 

immunohistochemistry, 44-48 
Nissl and Golgi staining, 35-39 
Moruzzi, G., 1, 2-3, 4, 5, 6, 9, 15 
Motor activity, 23 

midbrain reticular noncholinergic 
neurons, 384 
states of vigilance, 12 
Motor area 
slow oscillations, 311 
spindles, 280 



Motor cortex 
circuitry, 148-149 
connections, 105 

cholinergic projections from NB and 
diagonal band nuclei, 134 
thalamic projections, 141 
fast (beta/gamma) oscillations, 264, 267 
plastic changes in thalamocortical system, 342 
Motor field, neuron, 423 
Motor functions, see also Sensorimotor cortex 
spinoreticular pathways, 70, 72 
thalamic nuclei and, 141 
Motor neurons 

interactions of neurons in saccade generation, 
432-437 

modulation of excitability in neuronal pools, 
experimental evidence for, 473, 474 
reticulospinal projections, 116-117 
Motor relay nuclei, thalamus, 141 
Motor sensory function, see also Sensorimotor 
cortex 

neocortical projections to brainstem, 76 
origins of sensorimotor rhythm, 257-259 
Motor systems, 417-459 
burst neurons, 420-426, 427 
anatomic connectivity, 424-426, 427 
physiology, 420-423 

central mechanisms of REM sleep atonia, 
452-459 

electrophysiological data, 454-458 
lesion data and REM without atonia, 

452-453, 454 

other pontine structures and pharmacology 
of, 458-459 
gaze control, 437-444 

mechanisms of muscle atonia of REM sleep, 
444-452 

inhibition and diminished excitability of 
trigeminal jaw closer motoneurons 
during REM sleep, 444-446 
spinal alpha motoneurons during sleep-wake 
cycle, 446-452 

omnipause neurons, 426, 428-429, 430 
saccade generation, interactions of neurons in 
circuit, 432-437 
model of, 435-437 
superior colliculus, 433-434 
trajectories, mutability of, 434 
saccadic eye movements, 417-420 

afferents to oculomotor neurons, lesion 
studies, 419, 420 

efferent projections of abducens neurons, 420 
physiological properties of oculomotor 
neurons, 418-419 

state-dependent alterations in oculomotor 
system function, 439-444 
activity during REM sleep, 441-444 
waking to synchronized sleep transitions, 
439-440 

tonic neurons, 429, 431-432 


Motor thalamic relay, 93, 98, 99 
Movement, initiation of, 376-377 
Multi-unit activity, evoked potential studies, 350 
Muscarinic cholinergic-adrenergic reciprocity, 
muscle atonia, 459 
Muscarinic mechanisms 
cholinergic agonists and, 213, 215 
evoked potential studies, 350 
GABA PRF neuron inhibition, 516-517 
narcolepsy, 110 
NB cells, 90 

potassium conductance, 217 
TC neuron depolarization, 359 
Muscarinic-mediated hyperpolarization of NB 
cells, 350 

Muscarinic receptors, 217-218 
hippocampus, 234, 235 
locus coeruleus, 221, 222 
neocortex, 231, 232-233 
thalamic reticular neuron dual response, 367 
thalamic reticular neurons, 226, 229 
Muscle atonia, 33, 403, 413 
central mechanisms in REM sleep, 452-459 
electrophysiological data, 454-458 
lesion data and REM without atonia, 
452-453, 454 

other pontine structures and pharmacology 
of, 458-459 

cholinergic influences on REM sleep, 

483, 484 

gigantocellular fields and, 112 
mechanisms of in REM sleep, 444-452 
inhibition and diminished excitability of 
trigeminal jaw closer motoneurons 
during REM sleep, 444—446 
spinal alpha motoneurons during sleep-wake 
cycle, 446-452 

modulation of excitability in neuronal pools, 
experimental evidence for, 474 
neuronal control of REM sleep, 475 
orexin actions, 608 
sleep state control schematic, 472 
structural (Reciprocal Interaction) model of 
organization, 515 

Muscle twitches, neuronal control of REM sleep, 
476-477 

Narcolepsy, 110, 600-601, 608 
Natural sleep, PGO wave genesis, 409-416 
NB (nucleus basalis), see Nucleus basalis 
Neocortex, 139 

adrenergic receptors, 245-246 
brainstem neuron currents 

acetylcholine-modulated, 231-234 
excitatory amino acid-modulated, 254 
norepinephrine-modulated, 

245-245 

serotonin-modulated, 250 
brainstem reticular neuron projection studies, 
91-92 
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Neocortex contd. 
connections 

to brainstem cholinergic nuclei, 76 
corticopetal link, brainstem-thalamic 
projections, 104, 105 
histaminergic, 133 
locus coeruleus efferents, 129-130 
serotonergic efferents, 131-132 
delta waves, 300-305 
diffuse modulatory systems, 145-153 
brainstem control of corticothalamic 
networks, 139, 140, 142 
GABAergic transmission, 147-148 
glutamate, aspartate transmitters, 146-147 
long-range connections, 148-153 
neuron classes, 145-146 
neuron firing patterns, 146-147 
electrophysiological properties, intrinsic, 197, 
199-208 

changes in firing patterns during synaptic 
activities and shifts in behavioral state, 
199, 201-208 

firing patterns in four neuronal types and 
underlying ionic currents, excitatory 
amino acids and, 253 
fast oscillations, 267, 274 
NB-elicited activation, 134 
parallel activating pathways, 391 
plastic changes in thalamocortical system, 329, 
335, 341 

PPT-induced activation, 90 
slow oscillations, 305-327, 328 
cellular basis of, 306-307, 310 
groupling of delta spindles and fast oscillation 
by slow oscillation, 318-324, 325 
intracellular recording during natural 
NREM sleep, 310, 311, 312, 313 
intracortical synchronization of, 311-314 
synaptic reflection in thalamic and other 
structures, 314-318 

spindles, synchronizing and terminating, 
290-294, 295, 296 
Neonates, 243 
Neostigmine, 110, 221 
Nerve growth factor, 583 
Nerve growth factor receptor, 137 
Neural integrator, 429, 430, 431, 432 
Neurobiotin, 39 
Neurogliaform cells, 147, 148 
Neuromodulation criteria, neuronal control of 
REM sleep, 480-482 

Neuromodulators, extracellular recordings, 351 
Neuronal activities, brainstem and basal 
forebrain structures, 381-416 
basal forebrain neurons implicated in tonic 
cortical activation, 391, 393-394 
brainstem neurons and genesis of 
pontogeniculo (thalamo) cortical 
potentials, 394-416 
brainstem genesis of PGO waves, 

395-402 


Neuronal activities, brainstem and basal 
forebrain structures contd. 
cellular mechanisms, 402-409 
during natural sleep, 409-416 
brainstem-thalamic neurons implicated in 
tonic electrical activation of cerebrum, 
382-391, 392 

bulbar reticular noncholinergic neurons, 
384,386,387 

mesopontine cholinergic neurons, 388-391 
midbrain reticular cholinergic neurons, 

384, 385 

Neuronal aggregates, synchronized rhythms, 
see Synchronized oscillations 
Neuronal control of REM sleep, 461-511 

brainstem reticular neuronal activity over REM 
sleep cycle, 462-480 
behavior state alterations in mPRF, 470 
extracellular recordings, 464-467 
intracellular recordings, 467-470 
pre-REM changes, transition period T, 468-469 
REM sleep, 469 

sleep-wake control resulting from 

modulation of excitability in neuronal 
pools, 470, 472-480 
state-dependent alterations in reticular 
excitability, 470, 471 
synchronized sleep, 467 
wakefulness, sleep-wake transition, 469 
cholinergic influences, 482-487 

induction of REM sleep-like phenomena, 
482-484 

LDT stimulation, production of 

scopolamine-sensitive EPSPs in mPRF 
neurons, 485 

unit activity during sleep and wakefulness, 
485-487 

GABAergic influences, 501-511 
dorsal raphe nucleus suppression and 
increases in REM sleep, 502-505 
locus coeruleus, 505-506 
pontine reticular formation, distribution and 
REM sleep, 507-509 
PPT nucleus, 509-511 

source of input to dorsal raphe nucleus and 
locus coeruleus, 506-507 
modeling 

postulated steps in production of REM sleep 
episode, 524-528 
REM sleep in depression, 547, 548 
monoaminergic influences, 488-501 
dorsal raphe discharge, inverse association 
with REM events, 490-495 
dorsal raphe nucleus suppression and 
increases in REM sleep, 495-497 
LDT-PPT REM-on neuron inhibition by 
HTIA agonist, 497-498 
locus coeruleus, 490, 498-501 
raphe nuclei, 490 
REM-off neurons, 490 
neuromodulation criteria, 480-482 



Neuronal networks, 33 
Neuronal plasticity, see Plasticity 
Neuronal pools, sleep-wake control resulting 
from modulation of, 470, 472-480 
Neurons 

convergent inputs onto single brainstem 
reticular cell, 76-78 
extracellular recordings, 50-53; see also 
Extracellular recordings 
intracellular recordings, see Intracellular 
recordings 

intrinsic cell morphology and projections of 
pontine and bulbar gigantocellular fields, 
117-128 

orexin/hypocretin actions, 603-605 
PFTG and BFTG morphology, 117-128 
slow oscillation synchronization, 314 
soma size, see Soma size 
Neuropeptides, see Peptide neurotransmitters 
Neuropeptide Y, 128 
Neurophysin, 86 

Neurotransmitter-modulated currents, 

211-254 

acetylcholine, 212-235 
basal forebrain, 223 
hippocampus, 234—235 
locus coeruleus, 219, 221-223 
medial pontine reticular formation, 

212-219 

neocortex, 231-234 

pediculopontine tegmental cholinergic 
neurons, 219, 220 
thalamus, 223-231 
excitatory amino acids, 250-254 
brainstem, 253-254 
cerebral cortex, 250 
neocortex, 254 
receptor types, 250-252 
thalamus, 254 
norepinephrine, 236-246 
basal forebrain, 244^245 
dorsal raphe nucleus, 243-244 
hippocampus, 245-246 
locus coeruleus, 236-243 
neocortex, 245 

pontine reticular formation, 243 
thalamus, 245 
serotonin, 246—250 

dorsal raphe nucleus, 247—248 
facial motoneurons, 248-249 
mesopontine cholinergic nucleus, 249 
pontine reticular formation, 248-249 
thalamus, 250 
Neurotransmitters 

evoked potential studies, 350 
immunohistochemistry, 44-48 
neuromodulation of REM sleep, 

481, 482 

peptide, see Peptide neurotransmitters 
retrograde tracing with, 44 
NF-kB, 581-583 


Nicotinic mechanisms, 221, 357 
evoked potential studies, 350 
intracellular studies, 353, 358, 359 
lateral geniculate nucleus, 224 
neocortex, 231 
PGO waves, 409 

thalamic reticular neurons, 226, 227, 

226, 367 

thalamic reticular neuron dual 
response, 367 
Nissl staining, 35-39 
Nitric oxide, 569, 584 
NMDA (N-methyl-D-aspartate), 179, 223 
receptors, 250, 251 
slow oscillation, cellular basis of, 306 
Nonburst (NB) firing pattern, see also 

Electrophysiology, intrinsic properties 
medial pontine reticular formation neurons, 
156, 157, 158, 165, 166 
Noncholinergic neurons, 55, 139 

cerebral cortex activation by brainstem- 
thalamic neurons, 384, 386, 387 
basal forebrain 

hypothalamic projections, 90 
projections to thalamus, 134, 136, 137 
brainstem 

centromedian-parafascicular (CM-Pf) nuclei 
projections, 101 
rostral projections, 91—106 
evoked potential studies, 350 
medial septum, 89 

inidbrain, pontine, and medullary fields, 91 
Noninvasive methods, 54 
Nonmonoaminergic neurons, cortical 
projections, 91-92 
Non-NMDA receptors, 250, 251 
thalamocortical, 254 
Non-REM (NREM) sleep, 305-327, 328 
abnormal oscillations during, 325, 327, 329 
burst suppression, 327, 329 
electrical seizures developing from, 325, 
327, 328 

bulbothalamic neurons and, 386, 387 
EEG activation during transition, 382 
intracellular studies, excitatory responses, 359 
mesopontine cholinergic neurons, 388 
neocortical slow oscillation in, 305-327, 328 
cellular basis of, 306-307, 310 
delta spindles and fast oscillation grouping 
by slow oscillation, 318-324, 325 
intracellular recording during natural 
NREM sleep, 310, 311, 312, 313 
intracortical synchronization of, 311-314 
synaptic reflection in thalamic and other 
structures, 314—318 

synchronized rhythms, see Synchronized 
oscillations 

thalamocortical system, spontaneous firing 
modes during, 346-347, 348 
transition to REM sleep, 383, 384, 384 
Nonspecificity of activation, 4, 5 
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Noradrenaline 

immunohistochemistry, 44 
muscle atonia, 459 
Noradrenergic neurons, 92 
cat brainstem, 59 
centers for states of, 30 
locus coeruleus, 86, 87 
neuropeptide colocalization, 128 
paragigantocellularis nucleus, 86 
PPT/LDT nuclei, 57-58 
thalamic nuclei, 93, 95, 96 
thalamic reticular neurons, 365 
tyrosine hydroxylase immunohistochemistry, 
45, 48 

Norepinephrine/norepinephrinergic systems, 61 
brainstem neurons, actions of, 236-246 
basal forebrain, 244-245 
dorsal raphe nucleus, 243-244 
hippocampus, 245-246 
locus coeruleus, 236-243 
neocortex, 245-245 
pontine reticular formation, 243 
thalamus, 245 

efferent connections, 128-130 
evoked potential studies, 350 
LDT/PPT neuronal interactions, 518 
locus coeruleus, 85, 87 
modeling REM sleep in depression, 550 
REM-on and REM-off neuron interaction 
sites, 501 

thalamic cell excitation, 351 
Nuclear Yellow, 43 
Nucleus accumbens, 88, 132 
Nucleus basal is (NB), 23, 73, 89-90 
acetylcholine and, 223 
brainstem-thalamic neurons implicated 
in tonic electrical activation of 
cerebrum, 383 
connections 
cortical, 133, 134, 137 
hypothalamus, posterior, 137-138 
electrophysiological properties, intrinsic, 179 
excitatory amino acids and, 253 
parallel activating pathways, 391, 393 
PPT/LDT projections, 350 
projection to dorsal thalamic nucleus, 394 
Nucleus intercalatus, 114, 439 
Nucleus Kdlliker-Fuse, 112, 128, 453 
Nucleus lateralis tegmenti dorsalis, see 
Laterodorsal tegmental nucleus 
Nucleus paragigantocellularis (RPG, PGCL), see 
Paragigantocellularis nucleus; Parabrachial 
nucleus; Peribrachial area 
Nucleus proprius, 64 
Nucleus raphe, see Raphe nuclei 
Nucleus raphe dorsalis, see Dorsal raphe nucleus 
Nucleus reticularis gigantocellularis, see 
Gigantocellular tegmental field 
Nucleus reticularis paramedianis, gaze 
control, 439 


Nucleus reticularis pontis caudalis (RPC), see 
Caudal nucleus 

Nucleus reticularis supragigantocellularis 
(NRS), 425 

Nucleus reticularis tegmenti pontis (NRTP), 426 
Nucleus reticularis ventralis, gaze control, 439 
Nucleus subcoeruleus, locus coeruleus 
efferents, 130 

Nucleus supragenualis, 114 

Occipital cortex, 133 
Octanol, 170, 171 
Ocular system, see Visual signals 
Oculomotor system, 66, 113; see also Motor 
systems 

lesion studies, 419, 420 
physiological properties, 418-419 
state-dependent alterations in, 439-444 
8-OH-DPAT, 250 

Olfactory cortex, fast (beta/gamma) 
oscillations, 263 
Omnipause neurons (OPNs) 

interactions of neurons in saccade generation, 
432-437 

motor system, 426, 428-429, 430 
oculomotor system, state-dependent alterations 
in, 439-440 
Onset of sleep 

modeling, Limit Cycle model, 532 
transitions, see Transitions/state changes 
Opioid agonists, 217 
Opioid peptides, 240, 241, 251 
Optic chiasm, 94 
Optic nerve, 66 
Optic tract stimulation 

blockage of slow cortical oscillations by 
mesopontine PPT nucleus, 393 
evoked potential studies, 349 
extracellular recordings, 351 
lateral geniculate oscillations, 193 
thalamic reticular neuron dual response, 367 
Optokinetic system, neural integrator, 429 
Orexin/hypocretin, 600-610 
actions at cellular level, 603-605 
identification of, 600-602 
neuronal projection and receptors, 602-603 
release of, circadian cycles versus behavioral 
states, 606-610 

REM-related phenomena and wakefulness, 606 
Oscillations, see also Rhythms; Synchronized 
oscillations 
amygdala, 153 
cortical, 149 

corticothalamic networks, 152 
electrophysiological methods, 48 
historical developments and changing 
concepts, 12, 13, 14, 15 
nucleus basalis, 179 
thalamic, 143-145 
thalamic neurons, 181 



Oscillations contd. 

thalamic pacemaker, 98 
thalamic reticular neurons and, 142 
thalamocortical neuron electrophysiology, 
182-184,185 

Oscillators, historical developments and 
changing concepts, 10-11 

Pacemakers, 256, 524 

cholinergic neurons in NB nucleus, 394 
locus coeruleus neurons, 171—175 
spindles, 284-290, 295 
thalamic reticular nucleus, 98, 144, 284-290 
Pain pathways, thalamic nuclei and, 141 
Parabigeminal (PBG) nucleus, 58, 61 
Parabrachial nucleus, 112 
connections, 55, 57, 64, 73, 86 
afferents to pontine reticular formation, 79 
basal fore brain-brainstem, 75 
locus coeruleus, 128 
spinoreticular pathways, 66 
muscle atonia, central mechanisms, 453 
Paracentral nuclei, projections of, 141 
Paracentral rostral intralaminar nucleus, 332 
Paradoxical sleep, 9, 386 
Parafascicular nuclei 

centromedian, see Centromedian-parafascicular 
nuclei 

striatal projections, 141 
Paragigantocellularis (PGCL) nucleus, 65 
afferents to pontine reticular formation, 79 
brainstem reticular projections, 102 
locus coeruleus afferents, 86, 87 
Paraleminiscal tegmental field (FTP), 62, 

91, 459 

Parallel activation 

blockage of slow cortical oscillations by 
mesopontine PPT nucleus, 393 
Lateral geniculate local-circuit 
interneurons, 357 

Paramedian pontine reticular formation (PPRF), 
417, 419, 420 
brainstem afferents to, 83 
superior colliculus and frontal eye field 
projections to, 426, 427 
Paraventricular area, locus coeruleus 
connections, 85 

Paraventricular hypothalamic nucleus 
connections, 73 
Parietal association cortex, 331 
Parietal cortex 
connections, 105, 133 

NB and diagonal band nuclei projections, 133 
plastic changes in thalamocortical system, 331 
set-dependent tasks, electrophysiological 
recordings with, 377 

Paroxysmal depolarizing shifts, seizures, 327 
Pars compacta, 57, 109, 111 
Pars reticulata, 604 
Parvalbumin, 48, 147 


Parvocellular neurons, 61, 386, 387 
Parvocellular nucleus, see Lateral tegmental field 
Passive sleep, 20-24 
Patterns of sleep, modeling, 532-533 
PB (peribrachial area), see Peribrachial area 
Pedunculopontine/laterodorsal tegmental 
neurons (PPT/LTD), 359 
brainstem-thalamic neurons implicated 
in tonic electrical activation of 
cerebrum, 383 

cholinergic agonists and, 217 
cholinergic influences on REM sleep, 483—487 
cholinergic neurons in NB nucleus, 394 
connections 

brainstem efferents to thalamic nuclei, 

93, 95 

glutamatergic neurons and, 55-58 
NB inputs, 89, 90 
SNr inhibitory projections, 85 
electrophysiological properties, intrinsic, 
167-171 

evoked potential studies, 350 
humoral factors 

adenosine and, 564-565 
orexin neuronal projections, 602 
mesopontine cholinergic neurons, 388, 389, 
390, 391 
modeling 

postulated steps in production of REM sleep 
episode, 524-528 

structural (Reciprocal Interaction) model of 
organization, 515-516 
PGO-on bursts, 400 
PGO-on cells, 397 
PGO waves, 405; see also 

Ponto-geniculo-occipital waves 
in REM sleep, 401 
transfer to thalamus, 405 
rate of tonic firing, 400 
REM-on and REM-off neuron interaction 
sites, 501 

serotonergic inhibition of cholinergic neurons, 
497-498 

serotonin effects, 249 

spikes preceding LG-PGO file potential, 398 
types of neurons in, 57-58 
Pedunculopontine tegmental (PPT) neurons 
brainstem cholinergic neuron currents, 
212-213, 219, 220 

blockage of slow cortical oscillations, 393 
excitatory amino acids and, 253 
firing rates in sleep transitions, 392 
PGO waves, 403; see also Ponto-geniculo- 
occipital waves 

ablation, PGO suppression, 395, 396 
PGO-on cells, 399 
in REM sleep, 402 

thalamically projecting neurons, 388 
thalamic reticular neurons, dual types of 
responses, 363 
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Pedunculopontine tegmental (PPT) nucleus, 111 
cell types, 101-102 

cholinergic influences on REM sleep, 483-487 
cholinergic nuclei, 57 
connections, 61, 62, 84 

basal forebrain-brainstem, 74 
brainstem afferents to, 84 
brainstem efferents to thalamic nuclei, 93, 
95, 97 

brainstem reticular projections, 101 
brainstem reticular projections to thalamic 
nuclei, 104 

cholinergic projections, spinal and bulbar, 
110-112 

cholinergic projections to bulbar reticular 
formation, 112 

cholinergic projections to PFTG, 106-110 
thalamus, 99 

GABAergic influences on REM sleep, 509-511 
humoral factors, adenosine, 567 
intracellular studies, EEG activation, 362 
pulse train 

blockage of slow cortical oscillations by 
mesopontine PPT nucleus, 393 
ventrolateral nucleus activation by, 362 
REM-on and REM-off neuron interaction 
sites, 501 

serotonergic inhibition of cholinergic neurons, 
494-495, 497-498 
spindles, 297 

structural (Reciprocal Interaction) model of 
organization, 515 

Pedunculopontine tegmental nucleus (PPT)-pars 
compacta, 57 

Peptide cells, somatosensory cortex, 148 
Peptide neurotransmitters, 58 
immunohistochemistry, 48 
locus coeruleus afferents, 86 
neocortex, 147 

tyrosine hydroxylase colocalization, 128 
ventral tegmental area, 88 
Perforant path, 153 
Periaqueductal gray 
connections, 94, 98, 99 
dopaminergic, 132 
tuberomammillary area afferents, 88 
GABAergic influences and REM sleep, 506-507 
non reticular brainstem projections to 
abducens, 426, 427 
Peribrachial (PB) area, 367 

brainstem PB-evoked responses, 356 
connections, 57, 60, 64, 72 
afferents, 74 

afferents to pontine reticular formation, 79 
basal forebrain-brainstem, 74, 75 
brainstem, 84, 93, 94, 95, 100, 103 
to midbrain reticular formation, 69 
excitatory amino acids and, 253 
intracellular studies, excitatory responses, 352, 
353, 356, 357 


Peribrachial (PB) area contd. 

mesopontine cholinergic neurons, 388 
PGO waves, 78, 409 
PPT nucleus, 352 
spindles, 298 

thalamic reticular neurons, dual types of 
responses, 363, 367, 369, 370 
Peribrachial (PB) volley, 409 
Perigeniculate nucleus (PGN) 

brainstem reticular projections, 103 
peribrachial (PB-PG) axons, 367 
PGO waves, 409 
spindles, 297, 299 
thalamic reticular neurons, 365 
Peripallidal area, evoked potential studies, 350 
Peripheral motoneurons, 474 
Persistent nonactivating sodium current, 189 
Pes pedunculus, 77 
Petit mal epilepsy, 327 
PET scans, 53, 54 

PGO, sccPonto-geniculo-occipital waves 
PGO-off cells, 400, 404, 405 
PGO-on cells, 397-401, 404, 405 
burst, 395, 397, 400, 401 
in PPT nucleus during REM sleep, 401 
SNr inhibitory projections and, 85 
PHA-L as anterograde tracer, 40 
Pharmacology 
adenosine, 562 

antidepressants, monoamine system, 550-552 
GABA and pontine reticular formation, 
507-509 

muscle atonia of REM sleep, 458-460 
neuromodulation of REM sleep, 482 
neuronal control of REM sleep, see Neuronal 
control of REM sleep 
Phase advance, in depression, 549, 559 
Phase-locked calcium potentials, and theta 
waves, 261 

Phase plane graphs, 528, 529, 535, 545-546 
Phase response curve, cholinergically induced 
onset of REM sleep, 557-559 
Phase shifts, fast (beta/gamma) oscillations, 264 
Phasic discharges 

neuronal control of REM sleep, 476-477 
oculomotor neurons, 418 
Phento 1 amine, 239 
Phenylephrine, 237, 242 
Phenylethanolamine-Mmethyl transferase, 87 
Piero toxin, 87 
Piperoxan, 239 
Pirenzepine, 217, 221 
Plasticity 

augmenting or incremental responses, 330-335 
excitatory amino acids and, 254 
frequency-dependent, 148 
following spindles, experimental model, 
augmenting responses, 335-343 
potentiation of cortical responses following fast 
oscillation, 343 



POAH, 591-592 

Pons/pontine structures, see also specific structures 
gigantocellular fields, see Gigantocellular fields 
muscle atonia, central mechanisms, 453, 
458-459 

oculomotor system lesions, 419 
rostral, cholinergic neurons, 56, 382 
Pontine cat, 462-463, 475 

Pontine gigantocellular tegmental fields (pFTG), 
74, 116 

connections, 83 

afferents to pontine reticular formation, 

79, 80 

cell morphology and, 117-128 
locus coeruleus, 130 
mesopontine cholinergic projections to, 
106-110 

noncholinergic brainstem and spinal cord 
projections, 112-117 
neuron morphology, 118-119 

bifurcating axonal collaterals, organization 
of, 128 

cells sending axons to bulbar reticular 
formation, 119-123 

cells sending axons to ipsilateral MLF, 119 
cell size distribution, 118 
dendrites, 123-124 

general comments on morphology, 127 
pontobulbar reticular projections to 
abducens, 424 
Pontine gray, 105, 130 
Pontine lateral tegmental field (PFTL), 109 
Pontine nuclei 

plastic changes in thalamocortical system, 334 
connections of brainstem monoaminergic 
nuclei, intrinsic cell morphology and, 
117-128 

Pontine reticular formation (PRF) 
adrenergic receptors, 243—244 
brainstem afferents to, 83 
brainstem neuron currents 

norepinephrine-modulated, 243 
serotonin-modulated, 248-249 
brainstem reticular neuronal activity over REM 
sleep cycle, 467 

extracellular recordings, 464—467 
pontine cat, 462-463 
burst neurons, 422-423, 424 
cerebral activation, 383 
cholinergic influences on REM sleep, 483 
connections, 90-91 
afferents to, 78-82, 83 
to brainstem cholinergic nuclei, 78-82, 83 
brainstem efferents to, 93, 102 
locus coeruleus, 86, 130 
mesopontine cholinergic projections to 
PFTG, 106-110 
spinoreticular pathways, 66 
thalamic relay, 91, 98 
excitability, modulation of, 473 


Pontine reticular formation (PRF) contd. 
excitatory activity, 478 

GABAergic influences on REM sleep, 507-509 
gaze control, 437-438 

interactions of neurons in saccade generation, 
432-437 

lumbar alpha neuron activity during waking 
and sleep, 452 
motor control 

muscle atonia, central mechanisms, 452, 
454-458 

saccades, short-lead burst neurons, 420-422 
medial, see Medial pontine reticular 
formation 

muscarinic receptors, 217 
excitability, 473, 478 
neuron size heterogeneity, 62-63 
oculomotor afferents, lesion studies, 419, 420 
orexin neuronal projections, 602 
PGO-on cells, 398 

pontobulbar reticular projections to 
abducens, 424 

sleep state control schematic, 472 
structural (Reciprocal Interaction) model of 
organization, 514-515, 516-517 
superior colliculus and frontal eye field 
projections to, 426 
terminology, 61, 63 
tonic neurons, 429 
Pontine tegmentum 
connections, 62, 92, 105 
muscle atonia, central mechanisms, 452 
Pontis caudalis, see Caudal nucleus 
Pontobulbar connections 

afferents to pontine reticular formation, 80 
brainstem and spinal cord projections, 
106-117 

Pontobulbar gigantocellular tegmental fields, 
neuronal morphology, 117-129 
bifurcating axonal collaterals, organization 
of, 128 

bulbar FTG neurons, 124-127 

cell sending axons to ipsilateral bulbar 
reticular core, 125-127 
morphology, 124, 125 
cell size distribution, 118 
dendrites, 123-124 
pontine FTG neurons, 118-123 

cells sending axons to bulbar reticular 
formation, 119-123 

cells sending axons to ipsilateral MLF, 119 
morphology, 118-119 

Pontobulbar nuclei, noncholinergic projections 
to spinal cord and brainstem, 112-117 
Pontobulbar reticular formation, see also Bulbar 
reticular formation; Pontine reticular 
formation 

burst neurons, 422-423 
connections, 90-91 
excitatory activity, 478 
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Ponto-geniculo-occipital (PGO) waves, 401 
antidepressants and, 551 
brainstem neurons, ponto(thalamo) cortical 
potential generation, 394-416 
brainstem genesis of PGO waves, 395-402 
cellular mechanisms, 402-409 
during natural sleep, 409-416 
brainstem reticular neuronal activity over REM 
sleep cycle, 467, 468, 469 
bulbothalamic neurons and, 386, 387 
cholinergic influences on REM sleep, 483, 484 
dorsal raphe nucleus neurons and, 176 
electrophysiological propertes, intrinsic, 170 
GABAergic influences and REM sleep, 509-510 
historical developments and changing 
concepts, 10, 12, 16, 33 
intracellular studies, excitatory responses, 

353, 354 

locus coeruleus cooling and, 499 
mesopontine cholinergic neurons, 388, 390 
modulation of excitability in neuronal pools, 
experimental evidence for, 473, 474-475 
muscle atonia, central mechanisms, 455 
neuronal control of REM sleep, 476 
pontine cat preparation, 463 
PPT neuron firing rates, 392 
raphe system REM-off neurons and, 491-495 
REM sleep, 401, 402 
sleep state control schematic, 472 
SNr inhibitory projections and, 85 
stimulation of amygdala central nuclei 
and, 76 

structural (Reciprocal Interaction) model of 
organization, 515 
Positive feedback process, 478 
Positron emission tomography, 53, 54 
Posterior hypothalamus 
connections 

histaminergic, 133 
NB inputs, 89 
tuberomammilary area, 88 
Posterior parietal cortex recording, 
set-dependent tasks, 377 
Posterior thalamic complex, sensorimotor 
rhythms, 258-259 

Postsynaptic potentials, see also Excitatory 
postsynaptic potentials; Inhibitory 
postsynaptic potentials 
afferents to pontine reticular formation, 79, 

80, 81 

brainstem control of corticothalamic 
networks, 140 

electrophysiological methods, 54 
lumbar alpha neuron activity during waking 
and sleep, 451-452 
muscle atonia, 459 
pre-REM sleep changes, 469 
Potassium conductance 
acetylcholine and, 231, 234 
dorsal raphe nucleus neurons, 176, 177 


Potassium conductance contd. 
excitatory amino acids and, 250, 251, 253 
hippocampus, 234 
locus coeruleus, 240-242 
neocortex, 231 

norepinephrine and, 236, 237, 240-242 
thalamocortical neurons, 185-186, 187, 189 
Potassium currents, see also Electrophysiology, 
intrinsic properties; Neurotransmitter- 
modulated currents 
excitatory amino acids and, 253 
inwardly rectifying conductance, 217 
leak, 55, 148 

medial pontine reticular formation neurons, 
157, 162, 163, 164, 166 
norepinephrine and, 246 
serotonin and, 246-250 
slow oscillation, cellular basis of, 306 
Power spectral analysis, 565 
PPT, see Pediculopontine tegmental neurons 
PPT/LTD, see Pediculopontine/laterodorsal 
tegmental neurons 
Prazosin, 237, 242, 245 

Prearcuate frontal cortex, nonreticular brainstem 
projections to abducens, 426, 427 
Precentral gyrus, interhemispheric 
integration, 151 

Predorsal bundle (PDB), 426, 427 
Prefrontal cortex connections, 87 
dopaminergic, 132 
ventral tegmental area afferents, 88 
Preoptic-anterior hypothalamus 
humoral factors 
adenosine, 567 

GHRH-containing neurons, 591-592 
IL-1 & and, 587, 588 

posterior hypothalamus connections, 138 
Preoptic area 
connections 

locus coeruleus, 85 
substantia innominata neurons, 89 
tuberomammillary area afferents, 88 
ventral tegmental area afferents, 88 
convergent inputs onto single brainstem 
reticular neurons, 76 

convergent synaptic excitation of mid brain 
reticular neurons, 77 
GABAergic influences and REM 
sleep, 507 

locus coeruleus studies, retrograde 
labeling in, 86 

midbrain neuronal responses, 73 
raphe nuclei afferents, 87 
Prepositus hypoglossi (PH), 86, 114, 430 
abducens projections, 420 
gaze control, 438 

nonreticular brainstem projections to 
abducens, 424, 425, 426 
Prepositus medial vestibular nucleus complex, 
leaky integrator, 429 



Pre-REM sleep and transitions 

brainstem reticular neuronal activity over REM 
sleep cycle, 468-469 
bulbothalamic neurons and, 386, 387 
mesopontine cholinergic neurons, 388 
PGO waves, 403, 410, 411, 412, 413, 414, 
415,516 

PPT neuron firing during wake-sleep cycle, 391 
PPT neuron firing rates, 392 
Primary sensory areas, see Sensory cortex 
Primary somatosensory cortex, see Somatosensory 
cortex 

Primary visual cortex, see Visual cortex 

Priming, 375 

Probst’s tract, 111, 112 

Procedural memory, 330 

Process S, 549, 560 

Procion yellow, 39 

Propranolol, 237 

Prostaglandin D2 system, 574-576, 587, 588 
Protein kinase A, 330 
Pulse trains 

augmenting response, 336 
intracellular studies, excitatory 
responses, 361 

plastic changes in thalamocortical 
system, 339 

cortical augmenting responses and, 340 
repetitive callosal stimulation and, 343 
potentiation of cortical responses following fast 
oscillations, 343 

Pulvinar-lateroposterior nucleus, 93, 97, 102 
Pulvinar nucleus, 388 
acetylcholine effects, 229 
cortical projections, 141 
locus coeruleus efferents, 129 
Purkinje cells, 130, 242 
Putamen, 132, 135 
Pyramidal neurons 
Golgi staining, 39 
hippocampus 

acetylcholine and, 235 
trisynaptic loop, 153 
intracortical connections, 149-150 
neocortex, 146, 147-148 
acetylcholine effects, 231, 232-233 
excitatory amino acids and, 254 
plastic changes in thalamocortical 
system, 337 

slow oscillation, cellular basis of, 306, 307 
and theta waves, 261 
Pyramidal tract, LDT and PPT neuron 
distribution, 108 
Pyriform cortex, 129, 132 

Q-like current, dorsal raphe nucleus, 247 
Quasi-intracellular recordings, 351 
Quiet sleep state, 10 
Quisqualate, 87, 250, 251, 254 
QX314, 187, 189, 192 


Raphe nuclei, 64, 65 
connections 

to brainstem monoaminergic nuclei, 87 
LDT and PPT neuron distribution studies, 
108, 109 

serotonergic, 130-131 
ventral tegmental area afferents, 88 
GABAergic influences on of REM sleep 
microdialysis, 502-503 
microoontophoresis, 503-505 
source of input to, 506-507 
monoaminergic influences in REM sleep, 490 
dorsal raphe discharge, inverse association 
with REM events, 490-495 
dorsal raphe nucleus suppression and 
increases in REM sleep, 495-497 
Raphe nucleus centralis superior (CS), see 
Central superior raphe nucleus 
Raphe nucleus interpositus, 428, 429 
Raphe nucleus magnus, 79, 130, 132, 430 
Raphe nucleus pontis, 429, 430 
Raphe pallidus, 130, 132, 455 
Rapid eye movements 
bulbothalamic neurons and, 386, 387 
neuronal control of REM sleep, 474-475 
Rapid eye movement (REM) sleep, 55, 150 
age of animal and, 156 

brainstem reticular neuronal activity over REM 
sleep cycle, 469 

bulbothalamic neurons and, 386, 387 
corticothalamic activity, 380 
dorsal raphe nucleus neurons and, 176 
EEG activation during transition, 382 
evoked potential studies, 350 
extracellular recordings, 351 
historical developments and changing 
concepts, 10-11; see also Historical 
developments and changing concepts 
states of vigilance, 12, 13-17, 15-16 
hypothalamus and, 73 
mesopontine cholinergic neurons, 388 
mesopontine cholinergic PPT neuron 
discharges, 390 

muscle atonia, see Motor systems 
PFTG neostigmine injections, 110 
PGO-on burst neurons in, 401 
PGO-on PPT cell with tonic discharge 
patterns, 399 

PGO waves, 394, 395, 401, 403, 410, 412, 413, 
414, 415,516 

PPT/LDT neuron firing in, 391, 392, 400 
PPT/LDT nuclei stimulation, 359 
SNr inhibitory projections and, 85 
thalamocortical circuits and, 153 
transition to, 383, 384 
Rebound bursts 

medial pontine reticular formation neurons, 
161, 164 
TC cells, 400 
Rebound LTS, 355 
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Rebound spikes 

augmenting response, 336 

plastic changes in thalamocortical system, 

331, 338 

Reciprocal Interaction model, 513-520, 609 
depression, 554 

excitation of REM-off neurons by REM-on 
neurons, 517 

inhibition of REM-on neurons by REM-off 
neurons, 517-518 

inhibitory feedback of REM-off neurons, 
518-520 

and Lotka-Volterra equations, 526-530 

postulated steps in production of REM sleep 
episode, 526-528 
simple LV equations, 528-530 
simple LV equations, limits of, 530 
REM-on neurons and interaction with other 
elements in model, 514-517 
Recruitment 

factors producing modulations of excitability, 
478-480, 481 

plastic changes in thalamocortical 
system, 334 

primary and augmenting responses, 332 
Recurrent collaterals, 518 
Red nucleus, 62, 77, 92, 94 
Regular spiking neurons 

cortical augmenting responses and, 340 
slow oscillations, 309, 310 
Relaxed wakefulness, 15 
Relay cells, thalamic, see Thalamic relay 
neurons 

REM-off neurons, monoaminergic influences in 
REM sleep, 488-501 
REM-off/REM-on neuron interactions 
Limit Cycle model, 543-545 
modeling, ^Reciprocal Interaction 
model 
sites of, 501 
REM-on neurons 

autoexcitation growth function, Limit Cycle 
model, 539-540 

cholinergic influences on REM sleep, 

485-487 

muscle atonia, central mechanisms, 454 
permissive disinhibitory role in REM sleep 
genesis, 490-501 

serotonergic inhibition of cholinergic neurons, 
497-498 

Reserpine, 354, 366, 403, 409 
Respiration 

cholinergic influences on REM sleep, 483 
neuronal control of REM sleep, 477 
sleep state control schematic, 472 
RE-TC-RE loop, spindles, 293 
Reticularis gigantocellularis, see Lateral tegmental 
field 

Reticularis pontis caudalis (RPC), 63, 65, 78, 79, 
156, 425, 439, 453 


Reticularis pontis oralis (RPO), 63, 65, 

92, 156 

afferents to pontine reticular formation, 

78, 79 

muscle atonia, 458, 458-459 
neocortical projections of intralaminal 
thalamic neurons and brainstem 
excitation, 105 

neuronal control of REM sleep, 476 
Reticulocortical system studies, 91-92 
Reticuloreticular connections, 78-79 
brainstem afferents to, 83-84 
feedback, recruitment within reticular pool, 
480, 481 

modulations of excitability, 478-480, 481 
pontine reticular formation, 63, 78-79 
Reticulospinal pathways, 115, 116 
afferents to pontine reticular 
formation, 80 
bulbar, 113 
eye-neck, 438, 439 
Retina, fast oscillations, 267 
Retinal error signal, 434, 435 
Retrograde tracing methods, 39-44 
Retrorubral fields, 58, 132 
Retrosplenial gyrus, 98 
Rhinal sulcus, 88, 336 
Rhombencephalon 

brainstem afferents to midbrain and bulbar 
reticular formation, 82-85 
and physiological functions, 478 
spinoreticular pathways, 66 
Rhomboidal nucleus, 105 
Rhythms, see also Oscillations; Synchronized 
oscillations 
modeling, 520-526 

mathematical characterization of oscillators, 
522-526 

phenomenology of, 520-522 
nucleus basalis, 179 

thalamocortical neuron electrophysiology, 
182-184, 185 
Ripple rhythms, 324 
origins of, 262-275, 276 
seizures, 327 
Rostral brainstem, 61, 73 

Rostral interstitial nucleus of medial longitudinal 
fascicle (riMLF), 419 
nonreticular brainstem projections to 
abducens, 426 
omnipause neurons, 428 
Rostral intralaminar neurons, 98 
Rostral intralaminar nuclei, plastic changes in 
thalamocortical system, 335 
Rostral midbrain 

brainstem afferents to, 83 
cerebral activation, 382 
histaminergic connections, 133 
thalamic reticular neurons, dual types of 
responses, 363 



Rostral pontine reticular formation 

brainstem efferents to thalamic nuclei, 97-98 
cholinergic neurons, 56, 382 
non-giant cell, afferents to pontine reticular 
formation, 78, 79 
Rostral reticular neurons, 62 

amygdala projections to basal forebrain, 74 
thalamic reticular neurons, 365 
Rostral thalamic reticular neurons, spindles, 281 
RPG (nucleus paragigantocellularis), see 
Paragigantocellularis nucleus 
RPO (reticularis pontis oralis), see Reticularis 
pontis oralis 
Rubrospinal tract, 455 
RX 781094, 239 

Saccades, 16, 403 

motor system, see Motor systems 
sleep state control schematic, 472 
Schaffer fibers, 153 
Scopolamine, 366, 371 
acetylcholine effects, 228 
PGO waves, 409 
spindles, 298 

thalamic reticular neuron dual response, 367 
Secondary depolarization, augmenting 
response, 336 
Seizures, 325, 327, 328 
Self-augmenting feedback process, 478 
Sensorimotor cortex 

acetylcholine effects, 231 
adrenergic receptors, 237, 245 
Sensorimotor rhythm, origins of, 257-259 
Sensorium commune, 4 
Sensory cortex 
circuitry, 148 
connections 

cholinergic projections from NB and 
diagonal band nuclei, 134 
thalamic projections, 141 
evoked potential studies, 350 
fast (beta/gamma) oscillations, 262, 263 
Sensory cranial nerves, spinoreticular 
pathways, 66 

Sensory neurons, modulation of excitability in 
neuronal pools, 473, 474-475 
Sensory nuclei, spinal cord 
locus coeruleus efferents, 130 
spinoreticular pathways, 66 
Sensory pathways, thalamic nuclei and, 141 
Sensory signals 

cerebellar relays, 68 
spinoreticular pathways, 66 
substantia nigra pars reticulata firing rates, 85 
thalamic relay, 93, 98, 99 
Septohippocampal system 

dopaminergic connections, 132 
theta rhythm origins, 259-262 
Septum, tuberomammillary area afferents, 88 
Sequential firing rate (SFR), 391 


Sequential mean frequency (SMF), 386, 388, 392 
Serotonin, 87 

brainstem neurons, actions of, 246-250 
cerebral cortex, 250 
dorsal raphe nucleus, 247-248 
facial motoneurons, 248-249 
mesopontine cholinergic nucleus, 249 
pontine reticular formation, 248-249 
thalamus, 250 
connections 

histaminergic, 133 
locus coeruleus, 86 
dorsal raphe nucleus 

electrophysiological properties, intrinsic, 
175-179 

sleep-wake cycle, 491-495 
suppression of, 495-497 
efferent connections, 130-132 
IL-1/3 and, 587, 588 
immunohistochemistry, 44, 48 
LG thalamic nucleus, 93 
locus coeruleus afferents, 87 
modeling, 518 

LDT cholinergic neuron inhibition, 517 
REM sleep in depression, 549-550 
structural (Reciprocal Interaction) model of 
organization, 515 
muscle atonia 

other pontine structures and pharmacology 
of, 459 

paragigantocellularis nucleus, 86 
potassium conductance in cultured 
cells, 217 

PPT/LDT nuclei, 57-58 
raphe nuclei, 87 
receptor types, 246-247 
reticulocortical system studies, 92 
suppression of serotonergic dorsal raphe 
neuronal activity, 495-497 
thalamic nuclei, 95, 96 
tritiated, 44 

Set-dependent tasks in monkeys, 375—378 
Short-lead burst neurons (SBLNs), 420-422, 423 
omnipause neurons, 428 
state-dependent alterations in oculomotor 
system function, 441 
Signal transduction 
adenosine, 576—583 
cyclic AMP-mediated, 217, 246 
cyclic GMP-mediated, 233 
Sleep, dual nature of, 9-10 
Sleep deprivation, 562 
factors in sleepiness, 562 
and PGO waves, 413 

Sleep factors, see Forebrain and humoral factors 
Sleep oscillation, fast (beta/gamma) 
oscillations, 265 

Sleep-promoting mechanisms, 20-30 
active sleep, 24-30 
passive sleep, 20-24 
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Sleep-wake states, see also Non-REM sleep; REM 
sleep; Wakefulness/waking state 
brainstem and basal forebrain neuronal 
activities controlling, 380; see also 
Neuronal activities, brainstem and basal 
forebrain structures 

changing concepts, see Historical developments 
and changing concepts 

control, modulation of excitability in neuronal 
pools, 470, 472-480 

transitions, see Transitions/state changes 
Slow oscillations, 310, 312 

abnormal oscillations during non REM 
sleep, 325 

blockage by mesopontine PPT nucleus, 393 
brain stem-thalamic neurons implicated in tonic 
electrical activation of cerebrum, 383 
fast oscillations during depolarizing phase, 
266,267 

neocortical, 305-327, 328 
cellular basis of, 306-307, 310 
delta spindles and fast oscillation grouping 
by slow oscillation, 318-324, 325 
intracellular recording during natural 
NREM sleep, 310, 311, 312, 313 
intracortical synchronization of, 311-314 
synaptic reflection in thalamic and other 
structures, 314-318 

ventrolateral nucleus neuron responsiveness, 
differential brainstem reticular 
effects on, 362 
Slow-wave activity (SWA) 

IL-1 (3 and, 587, 588 
TNF-alpha and, 590 
Slow-wave seizures, 327 
Slow-wave sleep (SWS), 98, 150, 562 

brainstem-thalamic neurons implicated in 
tonic electrical activation of cerebrum, 
384, 385, 386 

corticothalamic arousal and inhibitory 
processes, 379, 380 

fast (beta/gamma) oscillations and, 265, 271 
historical developments and changing 
concepts, 9; see also Historical 
developments and changing concepts 
hypothalamus and, 73 
muscle atonia, central mechanisms, 455 
PGO waves, 411 

PPT neuron firing during wake-sleep cycle, 391 
rhythms during, 276 
states of vigilance, 12, 13-17 
transitions, 55; see also Transitions/state 
changes 

Smooth pursuit, 429, 432 
Sodium action potentials 
PGO-related, 413 
spindles, 279 
Sodium conductance 

excitatory amino acids and, 250, 251 
serotonin and, 246 


Sodium currents 

dorsal raphe nucleus neurons, 176, 177, 178 
locus coeruleus, 174, 175 
slow oscillation, cellular basis of, 306 
thalamocortical neurons, 189 
Solitary tract nucleus, 111, 112 
locus coeruleus connections, 85 
muscle atonia, central mechanisms, 455 
raphe nuclei afferents, 87 
Soma-dendritic (SD) profile, 39 
Soma size, 118-119, 124-127, 480, 481 
BFTG neurons, 113 
cortical neurogliaform cells, 147 
medial pontine reticular formation neurons, 
158-159 

pontine reticular neurons, 62-63 
PPT neurons, 57 
terminology, 61 
thalamic neurons, 141 

and time of onset of depolarization, 480, 481 
Somatodendritic spikes, 334 
Somatosensory cortex 
acetylcholine and, 234 
excitatory and inhibitory circuits, 148 
neocortical projections to brainstem, 76 
primary 

evoked potential studies, 350, 351 
plastic changes in thalamocortical 
system, 331 

primary and augmenting responses, 332 
sensorimotor rhythms, 259 
slow oscillation, cellular basis of, 306, 307 
thalamocortical secondary excitation, 186 
Somatosensory evoked potentials, cognitive 
components, 373, 374 
Somatostatin, 592 

immunohistochemistry, 48 
neocortex, 147 

Somatostatin-like immunoreactivity, 48 
Spatial coding, burst neurons, 423 
Spike-and-wave (SW) complexes, 342 
Spike-bursts 

augmenting response, 336 

delta waves, 302 

extracellular recordings, 352 

intracellular studies, 359 

PGO-on neurons, 395 

PGO-related, 397, 401, 412 

plastic changes in thalamocortical system, 

339, 344 

PPT neurons, 400 
rebound, 296 
seizures, 327 

slow oscillations, synaptic reflection in thalamic 
and other structures, 314-315, 316, 
317-318 

spindles, 279, 282 
thalamic neurons, 143-145 
thalamic reticular neurons, 364, 400 
thalamocortical neurons, 347 



Spikes 

abnormal oscillations during non REM 
sleep, 325 

brainstem control of corticothalamic 
networks, 140 
low-threshold (LTS), 517 
PGO-on cells, 397, 398, 399 
PGO-related, 407, 413 

plastic changes in thalamocortical system, 331, 
334, 338, 339 

cortical augmenting responses and, 340 
inactivation of, 339 
seizures, 328 

thalamic neurons, 143-145 
Spiking, slow oscillations, 309, 310 
Spinal cord 
connections 

affererents to locus coeruleus, 85 
BFTG bifurcating axonal collaterals, 128 
to brainstem cholinergic nuclei, 63-68 
cholinergic projections to PPT nucleus, 
110-112 

locus coeruleus, 85, 86 
locus coeruleus efferents, 130 
mesopontine cholinergic and pontobulbar 
nuclei, 90-91, 106-117 
noncholinergic projections from 

pontobulbar reticular formation, 
112-117 

pontine reticular neurons, 63 
serotonergic efferents, 132 
spinoparabrachial neurons, 63-68, 66, 70 
excitatory amino adds and, 254 
neocortical pyramidal neuron 
connections, 146 
Spinal motoneurons 

cholinergic agents and, 212 
modulation of excitability in neuronal pools, 
experimental evidence for, 474 
muscle atonia, 446-452, 459 
neuronal control of REM sleep, 476 
Spindles, 14, 15, 256, 277-300 
blockages by brainstem activating influences, 
295-300 

brainstem-thalamic neurons implicated 
in tonic electrical activation of 
cerebrum, 383 
cellular basis of, 279-283 
cholinergic neurons in NB nucleus, 394 
chronology of spindles and other NREM 
rhythms, 277-279 
electrophysiology, 137 
mesopontine cholinergic neurons and, 389 
neocortex role in synchronizing and 
terminating, 290-294, 295, 296 
pace making, role of thalamic reticular neurons 
in genesis of, 284-290 
PGO waves, 410 

plastic changes in thalamocortical system, 330 
plasticity following, 335 


Spindles contd. 

reticular thalamic nucleus as pacemaker, 98 
sensorimotor rhythms versus, 259 
slow oscillation, cellular basis of, 306, 307 
slow oscillations, 316 
states of vigilance, 12, 13 
thalamic neurons, 143-145 
thalamic neurons in NREM sleep and 
brain-active states, 347 
thalamocortical neuron hyperpolarization- 
activated, 184 
Spiperone, 246, 250 

Spontaneous firing modes during NREM sleep 
and brain active states, 346-347, 348 
Spontaneous PGO waves, 403, 406, 409 
Stages of sleep and transitions, 12-15 
State, defined, 12 

State changes, see Transitions/state changes 
State-dependent alterations 

oculomotor system, 441, 444-445 
reticular excitability, 470, 471 
thalamocortical systems, see Thalamocortical 
system, brainstem and state dependency of 
Stimulation effects 

behavioral discrimination response, 350 
neuromodulation of REM sleep, 482 
Striatum 

cholinergic agonists and, 217 
connections 

dopaminergic, 88, 132 
thalamic projections, 141 
Strychnine, 448 
Substance P, 58, 61 

immunohistochemistry, 48 
locus coeruleus afferents, 86 
spinoreticular pathways, 66 
Substance P-like immunoreactivity, 73 
Substantia innominata (SI) connections, 

73, 89 

basal forebrain-brainstem, 74 
basal forebrain projections, 135 
or exin neuronal projections, 602 
ventral tegmental area afferents, 88 
Substantia nigra (SN) 
connections, 58, 92, 112 
raphe nuclei afferents, 87 
ventral tegmental area afferents, 88 
DA neurons, orexin and, 604 
Substantia nigra pars compacta (SNc), 

88, 132 

Substantia nigra pars reticulata (SNr), 74, 84, 

400, 405 

Substantia nigra pars reticulata (SNr)-SC 
connection, 84, 85 

Substantia nigra pars reticulata (SNr)-tectal 
pathway, 84—85 

Subthreshold depolarizing currents, brainstem 
PB-evoked responses, 356 
Superior cerebellar peduncle, LDT and PPT 
neuron distribudon, 108 
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Superior colliculus, 94, 405 
burst neurons, 423 
connections, 58, 65, 74 

convergent synaptic excitation of midbrain 
reticular neurons, 77 
LDT and PPT neuron distribution, 108 
locus coeruleus efferents, 129 
spinoreticular pathways, 66, 68 
substantia nigra pars reticulata connections, 
84, 85 

thalamic projections to midbrain reticular 
formation, 69, 71 
gaze control, 439 

interactions of neurons in saccade generation, 
433-434 

neocortical pyramidal neuron 
connections, 146 
omnipause neurons, 429 
projections to reticular formation, 426 
state-dependent alterations in oculomotor 
system function, 440 
Superior olive, 108, 427, 454 
Suprachiasmatic circadian oscillator, 524 
Suprachiasmatic nucleus, 73, 598 
Suprarhinal cortices, 132 
Suprasylvian gyrus, 149, 151, 342 
Sustained levels of discharge, recruitment within 
reticular pool, 480, 481 
Synaptic activity 

brainstem-thalamic pathways, intracellular 
studies of excitatory responses, 355 
diffuse modulatory systems, see Diffuse 
modulatory systems, targets of 
extracellular recordings, 352 
spindles, blockages, 295-300 
plastic changes in thalamocortical system after 
repetitive stimulation, 339 
spontaneous firing in NREM sleep and brain- 
active states, 346-347 
thalamocortical neurons, intrinsic 

electrophysiological properties, 191 
Synaptic convergence, 76—78, 88 
Synaptic reflection, slow oscillation, 314—318 
Synchronization, 181; see also 

Electroencephalography, EEG-synchronized 
activity 

acceleration synchronatrice, 4 
cortical rhythms, 149 
modeling REM sleep in depression, 549 
Synchronized oscillations, 255-344; see also 

Electroencephalography, EEG-synchronized 
activity; Neuronal control of REM sleep 
abnormal oscillations during NREM sleep, 325, 
327-329 

burst suppression, 327, 329 
electrical seizures developing from, 325, 

327, 328 

brainstem reticular neuronal activity over REM 
sleep cycle, 462-480 

cortical, locus coeruleus cooling and, 499, 500 


Synchronized oscillations contd. 
delta waves, 300-305 

cortical component, 304—305 
thalamic component, 300-304 
low-frequency rhythms during NREM sleep, 
276-324 

neocortical slow oscillation in NREM sleep 
and fast rhythm grouping, 305-327, 

328 

spindles, 277-300 

thalamic and neocortical components of 
delta waves, 300-305 

mesopontine cholinergic neurons and, 389 
midbrain reticular noncholinergic 
neurons, 384 

modeling REM sleep in depression, 

547, 548 

neocortical slow oscillation in NREM sleep 
and fast rhythm grouping, 305-327, 328 
cellular basis of, 306-307, 310 
grouping of delta spindles and fast 
oscillation by slow oscillation, 

318-324, 325 

intracellular recording during natural 
NREM sleep, 310, 311, 312, 313 
intracortical synchronization of, 311-314 
synaptic reflection in thalamic and other 
structures, 314-318 
and neuronal plasticity, see Plasticity 
physiological basis, 255-256 
plastic changes in thalamocortical system 
during sleep and waking oscillations, 
329-344 

augmenting or incremental responses, 
330-335 

plasticity following spindles, experimental 
model, augmenting responses, 

335-343 

potentiation of cortical responses following 
fast oscillation, 343 

rhythms during active wake states and REM 
sleep, 256-276 
alpha, 256-257 

fast (beta/gamma) and ultrafast (ripple) 
rhythms, 262-276 
sensorimotor, 257-259 
theta, 259-262 
spindles, 277-300 

blockages by brainstem activating influences, 
295-300 

cellular basis of, 279-283 
chronology of spindles and other NREM 
rhythms, 277-279 

neocortex role in synchronizing and 
terminating, 290-294, 295, 296 
pacemaking, role of thalamic reticular 
neurons in genesis of, 284—290 

Tectobulbospinal neurons (TBSNs), 66, 67 
Tectoreticular projections, 66 



Tectospinal tract, 113 
Tegmental reticular nucleus of 
Bechterew, 398 
Tegmentoreticular tract 
lateral, 111, 112 

muscle atonia, central mechanisms, 450-453, 
454, 456 

Tegmentum, pontine, 62, 92, 105, 452 
Telencephalon 

brainstem modulatory system control, 375 
dopaminergic connections, 132 
muscarinic receptors, 217 
REM sleep regulation, 478 
Temperature 

circadian rhythms, 561-562 
cooling and locus coeruleus influences in REM 
sleep, 499-501 
IL-1/3 and, 589 
thermoregulation, 477-478 
Temporal coding, burst neurons, 423 
Tetramethylbenzidine (TMB), 40-41, 42 
Tetrodotoxin, 158, 162, 165, 166, 173, 174, 176, 
179,213,216, 221,243, 244 
Thalamectomy, 337 
Thalamic component of delta waves, 

300-304, 360 
Thalamic nuclei 

augmenting response, 336, 337 
connections, 60 

central tegmental field projections, 62 
convergent inputs onto single brainstem 
reticular neurons, 76 
histaminergic, 133 
locus coeruleus efferents, 129 
parabigeminal nucleus projections, 58 
serotonergic efferents, 131 
diffuse modulatory systems 
corticothalamic projections, 152-153 
types and connections, 141 
evoked potential studies, 350 
excitatory amino acids and, 253 
interhemispheric integration, 151 
intracellular studies, excitatory 
responses, 361 

mesopontine neuron projections, 388 
muscarinic activation, 215 
NB cholinergic and GABAergic 
projections, 394 
neocortical pyramidal neuron 
connections, 146 

plastic changes in thalamocortical 
system, 334 
spindles, 285 
Thalamic relay neurons 

excitatory amino acids and, 253 
intracellular studies, excitatory 
responses, 354 
organization, 142, 143 
PGO waves, 415 
serotonin effects, 250 


Thalamic reticular neurons, 139 
acetylcholine effects, 226, 229 
connections 

basal forebrain-brainstem, 75 
brainstem efferents to, 93, 98 
brainstem reticular projections, 100 
locus coeruleus efferents, 129 
corticothalamic synapse glutamate 
receptors, 318 
diffuse modulatory systems 

cell types and connections, 141-142 
interactions with TC cells, 142-144, 145, 146 
dual response, 369, 370, 371 
electrophysiological propertes, intrinsic, 
194-196, 197, 198 
excitatory amino acids and, 253 
intracellular studies, 352 
NB cholinerigic and GABAergic 
projections, 394 

pacemaking, role in genesis of, 284-290 
plastic changes in thalamocortical system, 335 
slow oscillations, 317, 318 
spike bursts, 400 

spindles, 279, 280, 281, 282, 285, 286, 

287, 289, 298 

types of thalamic neurons, 152 
Thalamic reticular nucleus 

cholinergically evoked hyperpolarizations, 217 
connections 

basal forebrain projections, 134, 135, 137 
brainstem reticular projections, 101, 103 
diffuse modulatory systems, 143-145 
slow cortical oscillations, blockage of, 393 
spindles, blockages, 287, 295-300 
Thalamocortical activation 

histaminergic connections, 133 
hypothalamus and, 73 
neuropeptides and, 58 
Thalamocortical neurons/networks 
acetylcholine effects, 223-226, 227, 228 
activation by neuronal activities in brainstem 
and forebrain, see Neuronal activities, 
brainstem and basal forebrain structures 
brainstem projections to, 104, 105, 106 
connections, 98 

diffuse modulatory systems, 139, 140, 141; see 
also Diffuse modulatory systems, targets of 
cortical actions, 152-153 
interactions with thalamic reticular cells, 
142-144, 145, 147 
disinhibition of, 352 

electrophysiological properties, intrinsic, 
181-191 

firing modes, 180 

high-voltage calcium current, 185-187, 188 
hyperpolarization-activated cation current, 
187, 189 

low-threshold calcium current, 181-185 
persistent nonactivating sodium current, 189 
syaptic activities and, 191 
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Thalamocortical neurons/networks contd. 

voltage and calcium dependent potassium 
conductances, 189-191 
excitatory amino acids and, 253, 254 
excitatory nature of, 106 
extracellular recordings, 351, 352 
intracellular studies, 357 
PGO waves, 414; see also Ponto- 
geniculo-occipital waves 
rebound bursts, 400 
somatosensory cortical responses, 234 
spindles, 296 

thalamic reticular neurons and, 147-148 
Thalamocortical system, brainstem and state 
dependency of, 345-380 
cortical excitability during attentional tasks, 
371, 373-380 

differential alteration in two phases of 
inhibitory response during brain 
activation, 378-380 

event-related potentials in humans, 373-375 
neuronal recordings during set-dependent 
tasks in monkeys, 375-378 
thalamic reticular neurons, dual types of 
responses, 363-371, 372 
thalamocortical neurons, 346-363 
evoked potential studies, 347-351 
extracellular recordings, 351-352 
intracellular studies, differential brainstem 
reticular effects om three phases of 
inhibitory responses, 361, 363 
intracellular studies, excitatory responses, 
352-361,363 

spontaneous firing modes during NREM 
sleep and brain active states, 

346-347, 348 

Thalamocortical system oscillations, 256 
delta waves, 300-305, 383; see also Delta 
rhythms/waves 

fast (beta/gamma) and ultrafast (ripple) 
rhythm, 262-275, 276 
plasticity, 329-344 

augmenting or incremental responses, 
330-335 

augmenting response, 336 
delta waves, cortical component, 304-305 
delta waves, thalamic component, 300-304 
experimental model, augmenting responses, 
335-343 

potentiation of cortical responses following 
fast oscillation, 343 
sensorimotor rhythms, 257—259 
spindles, 280, 282-283, 286; see also Spindles 
Thalamocorticothalamic networks, 139, 277 
Thalamus, 139 

acetylcholine effects, 223-231 
local interneurons, 229-231 
thalamic reticular neurons, 226, 229 
thalamocortical neurons, 223—226, 

227, 228 


Thalamus contd. 

activation by neuronal activities in brainstem 
and forebrain, see Neuronal activities, 
brainstem and basal forebrain structures 
adenosine and, 565 
adrenergic receptors, 245 
brainstem neuron currents 

acetylcholine-modulated, 223-231 
excitatory amino acid-modulated, 253, 254 
norepinephrine-modulated, 245 
serotonin-modulated, 250 
cerebral activation, 382-383, 392 
connections, 55 

basal forebrain, 74, 75, 134—137 
basal forebrain-brainstem, 75 
to brainstem cholinergic nuclei, 68-72 
brainstem efferents to, 92-106 
brainstem reticular nuclei efferents to, 90 
dual connections of brainstem cholinergic 
neurons, 106 

locus coeruleus efferents, 129 
pontine reticular neurons, 63 
serotonergic efferents, 131 
spinoreticular pathways, 66 
diffuse modulatory systems, 141-145, 146 
brainstem control of corticothalamic 
networks, 139, 140, 141 
corticothalamic projections, 152-153 
electrophysiology, 142-145, 146 
types of neurons, transmitters, and 

connections, 141-142, 143, 144, 145 
electrophysiological properties, intrinsic, 
179-197, 198 

local-circuit inhibitory cells, 191-194 
thalamic reticular GABAergic neurons, 
194-196, 197, 198 
thalamocortical, 181-191 
excitatory amino acids and, 253, 254 
extracellular recordings, 351 
fast (beta/gamma) oscillations, 263 
intracellular studies, 354, 355, 361 
mesopontine cholinergic PPT-LDT 
projections, 390 

parallel activating pathways, 393 
PGO waves, 76; see also Ponto-geniculo-occipital 
waves 

plastic changes in thalamocortical system, 329 
seizures, 327 

sleep state control schematic, 472 
synaptic reflection in, 314-318 
wake-sleep transitions, 49 
Theophylline, 562-563 
Thermoregulation, 477-478 
Theta-like activity, cholinergic neurons in NB 
nucleus, 394 
Theta waves, 153, 256 

cholinergic influences on REM sleep, 484 
nucleus basalis, 179 
sleep state control schematic, 472 
thalamic oscillations, 145 



Time course of depolarization, 478 
Time-resetting (Zeitgeber) inputs, 524 
TNF-alpha, 582, 589-590, 591 
Tracing techniques 

historical developments and changing 
concepts, 5 
methods, 39-44 

Transcriptional changes, sleep deprivation 
and, 562 

Transcriptional modulation, adenosine, 576-583 
Transection techniques, 6, 8 
Transgenic model, orexin actions, 608-609 
Transitional epoch (SD), PPT neuron firing 
rates, 392 

Transition period T, 468-469 
Transitions/state changes, 55 

brainstem reticular neuronal activity over REM 
sleep cycle, 469 

brainstem-thalamic neurons implicated in 
tonic electrical activation of cerebrum, 
383, 384 

bulbothalamic neurons and, 386, 387 
changing concepts, see Historical developments 
and changing concepts 
EEG activation during, 382 
electrophysiology, 49 
excitatory amino acids and, 253 
evoked potentials, 349 

factors producing modulations of excitability, 
478-480, 481 

locus coeruleus cooling and, 499 
midbrain reticular noncholinergic 
neurons, 384 

oscillator characterization, 524 
PPT neuron firing rates, 392 
slow oscillation during, 308, 310, 312 
spindles, 277, 297 
states of vigilance, 12, 13 
Trigeminal nerve and nuclei, 156 
deafferentiation, 352 
locus coeruleus efferents, 130 
LDT and PPT neuron distribution, 108 
mesencephalic nucleus, 60 
motor nuclei, 63 
muscle atonia, 475 
central mechanisms, 453, 454 
jaw closer motoneurons, 444-446, 474 
spinoreticular pathways, 66 
Trigger input neurons, 422, 432-437 
Trisynaptic loop, hippocampus, 153 
Tuberomammillary area, 88, 133 
Tyrosine hydroxylase, 58, 61, 388, 396 
cat brainstem, 59 
immunohistochemistry, 45, 48 
neuropeptide colocalization, 128 
reticulocortical system studies, 92 
thalamic nuclei, 93, 95, 96 

Ultradian rhythms, 520, 521 
Ultrafast ripple rhythms, 262-275, 276 


Vagus, 237 

Vasoactive intestinal peptide, 147 
Vasoconstriction, 86 
Vector burst neurons, 422, 423, 426, 441 
Ventral funiculus, 80, 113, 114, 115, 116 
Ventral tegmental area of mesencephalon 
connections 

to brainstem monoaminergic nuclei, 87-88 
dopaminergic, 132 
locus coeruleus efferents, 129 
sensorimotor rhythms, 259 
Ventroanterior thalamic nucleus, 334 
Ventroanterior-ventrolateral nucleus 
acetylcholine effects, 224 
brainstem efferents to, 93, 94, 95 
Ventrobasal nucleus, 94, 223-224, 229 
Ventrolateral CL nuclei, spindles, 296 
Ventrolateral funiculus, 130 
Ventrolateral nucleus 
acetylcholine effects, 224 
activation by PPT pulse train, 362 
augmenting response, 336 
burst discharges, 347 
connections, 72 

convergent synaptic excitation of midbrain 
reticular neurons, 77 
diffuse modulatory systems, 141 
intracellular studies, excitatory 
responses, 362 

plastic changes in thalamocortical system, 

338, 339 
spindles, 280 

thalamocortical neuron electrophysiology, 191 
Ventrolateral preoptic area (VLPO), 561, 
592-600 

active control of sleep 
and adenosine, 598-600 
identification of sleep-active neurons, 
592-595, 596 

lesions and extended VLPO, 596-598 
modeling, 600 

relationship to other preoptic areas and 
SCN, 598 

adenosine and, 575 
GABAergic influences and REM 
sleep, 507 

lesions and extended VLPO, 595-600 
modeling, 600 

sleep-active neurons, identification of, 
592-595, 596 

Ventrolateral reticulospinal tract, 456 
Ventromedial nucleus 
acetylcholine effects, 224 
connections, 69, 72, 94, 95, 105 
GHRH-containing neurons, 591 
projections to, 382 
recruiting systems, 332 
Ventroposterior thalamic (VP) nucleus, 95 
connections, 93, 95, 105 
primary and augmenting responses, 332 
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Ventroposterolateral (VPL) thalamic nucleus 
sensorimotor rhythms, 257, 258, 259 
somatosensory cortical responses to 
stimulation, 234 
Very fast oscillations, 324, 327 
Vestibular nerve and nuclei, 113 
abducens projections, 420 
brainstem reticular neuronal activity over REM 
sleep cycle, 467 
gaze control, 438 
leaky integrator, 429 
muscle atonia, central mechanisms, 455 
nonreticular brainstem projections to 
abducens, 424, 425 
spinoreticular pathway, 66 
Vestibuloocular system 
neural integrator, 429 
reflexes, 432 
Vigilance, 1, 55 

centers for states of, 32 
fast (beta/gamma) oscillations, 262-263 
historical development of definitions, 11-20 
NB inputs, 89 

plastic changes in thalamocortical system, 329 
synchronization of cortical rhythms, 149 
thalamic nuclei and, 141 
Vigil coma, 22-23 

Visual association areas, slow oscillations, 311 
Visual cortex 

acetylcholine effects, 231 
alpha rhythms, 256, 257 

brainstem reticular neuron projection studies, 
91-92 

evoked potential studies, 349, 350 
excitatory amino acids and, 254 
fast oscillations, 263, 266, 267 
intracortical connections, 149 
serotonergic efferents, 132 
set-dependent tasks, 377 
slow oscillations, 309 
Visual signals 

cerebellar relays, 68 
fast (beta/gamma) oscillations, 262 
spinoreticular pathways, 66 
Visual thalamic relay, fast oscillations, 267 
Visual thalamus connections 
brainstem efferents, 93 
serotonergic efferents, 131 
Voltage dependency, spindles, 280-281 
Voltage-dependent currents 

locus coeruleus pacemaker activity, 175 
thalamocortical neurons, 189-191 


Wake-active neurons, adenosine 
and, 564 

Wakefulness/waking state 

attentional task studies, 371, 373 
brainstem and basal forebrain neuron control 
of, see Neuronal activities, brainstem and 
basal forebrain structures 
cholinergic neurons in NB nucleus, 394 
corticothalamic activity, 380 
evoked potential studies, 350 
extracellular recordings, 351 
factors in sleepiness, 562 
humoral factors 

adenosine, 563, 565, 567-568, 565 
adenosine sources, 565, 567-570 
orexin/hypocretin, 606 
interhemispheric integration and, 150 
mesopontine cholinergic PPT neuron 
discharges, 390 

PPT/LDT nuclei stimulation, 359 
PPT neuron firing during wake-sleep 
cycle, 391 

sleep-to-wake transition, 384; see also 
Transitions/state changes 
states of vigilance, 12 
thalamic reticular neurons, 364 
thalamocortical circuits and, 153 
Wake/REM-on activity 

cholinergic influences on REM sleep, 

486, 487 

serotonergic inhibition of cholinergic, neurons, 
497-498 

Wake-sleep continuum, PGO-on neurons in, 

395, 397 

Wake-sleep cycle, PPT neuron firing 
during, 391 

Wake-sleep transitions, see Transitions/state 
changes 

Wheat germ agglutinin (WGA), 41-43, 47 

Yohimbine, 237, 238, 239, 242 

Zeitgeber , 524 
Zinc, 251 

Zona incerta connections, 62 
afferents to pontine reticular 
formation, 79 

brainstem efferents to, 93, 98 
brainstem reticular projections, 100, 102 
locus coeruleus efferents, 129 
thalamic projections to midbrain reticular 
formation, 68, 70, 72 



